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:\ flS’l HAC ‘1’

:\ ( t > n l p i i t a t u ) m i U l  model for  the anal ys is  ( st ru ctu  ia l  and n i t  c m  ~t r u c t  t. rat

l)ehaV iu r in  genera l sol ids of composite material  is presented . E mp has i i s  p l aced

ot t  representing the anomalous  mate r i a l  behavio  i of composites and on the L O m t ~~t 1 Lt (: —

t ion of co mputational  models ~ i th  va riable properties . Al ternat iv e  mater i a l  mode ls

us ing  c o n t i n u u m  and sta t i s t ica l  mechanics  were reviewed and a modu la r  c~ dc t ic—

signe(l i i) !  cornpa t ib i l i lv  w i t h  sev e ral d i f f e rent models. The co nsLi tuen t  mater ia l s

arc cha racterized in t e rms  of those state variables that correlate a materials

response such as effective stress or s t r a i n  energy . A pa rametr ic  cubic repre-

senta t ion  is used for  all state variables , the solid geometry and all physical p ro-

pe rties.  ‘I lic assoc iated f i n i t e  element extends isopa rametric  modeling to allow

propert ies , l inear or nonl in ea r , to vai’v over the volume of an clement as in rosette

m i l a t e i t a l  c o n s t r u c t i o n .  App l ica t ions  of the  model to a carbon—carbon  uni t  ce l l , to

st t a i l  s i n g u l a m i t i c s  and to the ine las t ic  response of a grap hi te  bar  i l lus t ra te  i ts

u t i l i ’ v . Good agreement  w i t h  t r i ax ial  test data fo r  inelastic s tra ins  under  I t y d  !‘I )

st a t i c  pressure  is obt a ined .  Numer ica l  results are computed us ing  P A T C h E S — l u

and  the conj u g a te  gradient  a lgo r i t hm wi thou t  the assembly of large matrices.  This

approach is tailored for  vecto r pr ocessors  and ca n reduce the high cost of non —

l in e a r t h r e e — d i m e n s i o n a l  a t l a l \ ’ses .
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a P e t t i l y  shaped t rack radius

B~, B 1. Pa m a n t i t m i e  cubic line and sur face  patch coefficients in geo m et m i c
fo i i i  at

B Bino m ia l vector in the Frenet f rame  for a curv e

St re s s—st r a i n coeffi cients
I j k l

Di ffe rence in C j j k l  (0 , ‘I’) and C ijk l (V~ , T)

Scalar mul t ip l i e r  in the Batdo rf model

Car tes ian  basis vecto r

E L, E1, Long i tud ina l  and transverse extensionr l moduli

F ,  F.. M a t e r i a l  s t ra in  state coefficients
U ijk l

Mater ial stress state coefficients

F Applie d load vector

G L~F , GT~F Shea r moduli in the longi tudina l - t ransverse  plane and the
transverse plane

[KI Stiffness matr ix

it Index indicat ing cycle number

N Dimension of a matr ix  problem

N N ormal vector in t h e  Frenet frame for a curv e

P. E. Potential energy

~ 
Parametric cubic property model

P Conjugate gradient di rection vector

9n Pseudo-force vector at cycle n

Radius

H flesidual vector

5~ S . .  Parametric cubic l ine  and patch coefficients in algeb raic format

t~ Conjugate gradient step size at cycle i

T Tangent vector in the Frenet frame for a curv e

T Temperature

ii Displacement vector at a point
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l i t i  u s t  c t ’ t o m n p o s : t o  r i r t O - n ’ i :t l s  I ’ !’ p r i m a r y  s t r u c t u r e ’  has I t o  I ’ ’  t h ’ m m t a m u l s

l o t  i n t o i j o i t t i ‘n t i t c i t  i l l  m e t - d i m i i o m i s i o t i : t l  t ’e ’ s l F mlsc s i m n p l bec ause c t m t i a , x i a l  and

b i . L x i a l  t~~u l i u g  i t o n  k -a d  to i t ’n p o t t : e t t  t r i a x i a l  ~ t l ~ - c ’ t ~— . This is t r u e  in t h c ’  e l a s t i c

range ‘.~Iie r o ’ c’ k y -  -i  t t ’ t l~~ c all c : i U s t -  ( he lami o t t l o f l  an t i  it  is p a m t i e u l a m ’ l y t r o t ’ in i k ~

i n e l a s t i c  r : t n t ~c ’ w h o r e -  load redo- i ’ t b u t i t t n  call u s t rong ly dependent  ‘ cmi the m u i c t ’

s i  r u c t n r e  1 t I n ’  i t a i t c ’ m i a l .  I tic of ’ th c ’  i nu r e  re a d a b l e  e s say s  in t i l l s  s u b l c ’ c ’t t s

~~ Om e L e t s ’ a c c o u n t  ia  wor ds  and  ‘ i t - l u r e s  f ) i ’ ~ l i i t i ’ r c ’ n t  ,n i c r o st iu ct u r e s  ~ l t c - t 1

~t c l 5 t  i t  n i : ic ’ r t ~~c - 1 h’ m ’ c ’su -!l ~~ ’ . \l~~uv o f  t l t t ’ s c ’  i n v o l v e  i ne l a s t i c  m e c h a n i s m s  q u i t e

di a ’ m e n t  t t o n l  t h e  c ’ t ~~ s t , I l ct r ap hic  s l i p  t l i i ’ac ’ t c ’r i s t t c  o f me ta l s .  Soo rn o, g t a p h i t c ’ s

ex h i L i t  b i a \ t a l  ~~ t t e n i I i ’4 di m i t t  p i t t  to tH e i” ’ e t ; c c ’ l ing  mind  sev e r a l  c o r r e l a t i v e

~ I 
~ • p t i - i t o i o ~~tu l o g i c a l t  ar c  t ’~:i i I ab l e  t h a t  f i t  t h i s  d a t a  in the t e n s i on —

t c n S i ’ ’ t t  t i e t a i r a n t .  ~~u i t  t he  t j ) ) ) ~~~t t (  n - t o t ~ n ’r  can o c c u r  in the  ‘ o m f l p m c ’ S s t O f l —

cc mp ross Ft o u a d r a n t  b r  o f t  h e r  p a r t i c u l a t e  comp os  ic ’ , cone re te  , wher e  th e

t u n l i n t i m  it  ‘1 n t i e r ucr a c k ~ r e s u l t s  in b i ax i a l  s t i l i c i t i u g  and again  c o r r e l a t i v e

mmi o~j els  a t o  0 ~a i l a l o l t  t h a t  f i t  t h i s  da ta .  A nu m a l o u s  i ne l a s t i c  h e h f v i n r  also occurs

in fib e r — r e i n f o r c e e’ t m i t p  S i l t ’S as te ’~-v r ihed in t l tc  su r v e v  paper by Franc is  and

I3crt t ’ who t o  ~ 10W the  i s )  i~~ el  t he  t i b e t - m a t  rkx I t  a t )  t r an s l  c r  c o n t r o v e r sy .  This

is~— U o  ‘ is r o t i i p l  iea ted by mu ir rus t  ru c l u  ral d e f e c t s , P0 r t i r u l u  m l v  in  ~ompo~ i t e ~~

sub ~ee t c l  t o  - o o ’ v t ’ l ’ . ~t m o e e s s i n g  c o n d i t i o ns , by local f iber  buckling and bv r es idual

pr occ ’ss ing  s t r a i n s

( ; t ’ n u i n e l v  p r v o l i c t ve i n e l a s t i c  models  f o r  c ’ o o n t p u s i t e  m a t e r i a l s  are nut

a v a i l a b l e  and in o ost , c o r r e l a t iv e  rn cslels are an ex t rap ola t ion  ut u n i a x i a l  data  t o  m u l t i  —

ox m l  s tress states.  The s i t ua t i on  in meta ls  is s i m i l a r ’ but. not to th e san i e ’

Lin and h l av n e r  , fo r examp le , h a v e  produced models  that  c a m i  predict  mu l t i a x i a l

s t r e ss  st  m a i n  t e s p ’n t s e  f oot  po ly crvst af l  in c aggregates and nt ic ros t ruc t  u ra l  mod els

at  the at rn ic l e v e l  
I i ,  

~la t t ic e sta t I i ~~ ) arc ’ a lso  used it ) t h e  m at  c i i a l  Sc ienceS.  Th e’

in i c r o s t  t u c t u r a l  detai l  required in a p red ic t ive  ma te r i al  model fu r  ine las t i c  o e s p  n~ c

c l e a r ly  can i t  p r u l i i b i t i ~ ’ c for  s t r u c t u r a l  m e c h a n i c s .  In th e c a s t  ( I f  ( ‘ ‘ m l t ) e O S  i t e

* 0 - - - - ‘ 7 ’~
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m t i t i t c ’ r i : i ! s  o v e r t  t h e  a~~s t i i t i } l i ll  ‘f a st:ctistleallv I l t u t i t o g o  ma t o i s  b O o t ’  t i ; o l  0 0 0 : o \  i t ’ ’ 1

l i o t b i  f o r  c o - t l : t t ! 0  } t o ’ h , i~ ‘ ‘ i .  l ! I t W o \ o r , ~v h c tt  i t  t l ’ o c ’ ~ O P l t i ’ o ( l i t !  ~cL t o  h i t  I c e  i j ’ I t ’

I ( “ i l  a c t  i ’ ii ci  t u l i e s , \~~
‘ t ’  o : i  0 l tS - ‘ ‘  ‘ i r e l a  t i \  C t i l t  t t i t  - I s  s o)  c~ t i l t , )  t oy  c I -  p t a  h o

t o  st t i e  - l o t ’  si muc t u m ’ :i I o o o ’ c I i t i t i l c s .  ( i l n ’  i t t  i t o  n a I l ’  I t o  is  nov c -  o i l  m e  ‘ ‘ i c c  - or f o o t e

1) 10 - p r t i c o ’ s -~o l ’s t o ’  t o h t a i m i  :I o ’ m ’ t o ’  l : t i \ i  m o tel  o t t ’ )  t ) J ~~ t o m  i f t i ” -  l o s t - 0 t ” , o ’ e S ~~( t

( o  t ’ i o i : o j t i  I o ’ s c t l l s  i t  I t o ,  c ’ o n s t i ’ o o o  i i )  le ’~ c l .  o d v e n  t h i s  p re m ise , t h e  p m o s t ’ n l  o t t o

f c o ( ’ l t s et l  o’n  t~ ’ ’ o ’l o l o i i O a  a e o t t q ) c i l a l t O o i t i l  s \ s t o ’ l n  b r  t i l l  t h o st  c t t m t e ’ l t i t m v e -  i n ’~~) t ls

b l o a t  can h~’ e b i a i a c l e r i ~~c d  t o y  st a t ’ ’ v t t t ’ i a b l e s .  t h i s  i s a v e r \  l a r g o ’  ( l t o S s  t i l t ivi !I

:i!bu ~v i i i ’  t 1 e t t l l ~~l I e t i l  t i n a l v s i s  o f m an y  o to t t t p tos j te sl t i t etUm ’ o’S who se inela stic-

behavior diffe rs I o ot m m e t :cl pl~ st it tv . Fhe appr ’ t i c - h  a k t t  a l l o w s  l~ o o O t t o I~’l to

t u t i o , t i o o n  as i t s  tw it pt ~ ’ o r o o c ’ c S s o o r  a i t c h  -~~ toihosiz e ( ‘ t O o  l O t t I e  ~~‘ l i - i s  i t t )

c o o n s t i b L t i ’ t ) t  i t i c l t t s t i e  t o  -t i t l e s  c i i i )  t h0  he ’h :ivio r : 0 1  i n t c ’r l a e c s .

l b  t u a g i u t u cle o t t  t i l e  c ’ 0 1 1 i l t u t t i t i u t i t i l  ) o t ’ oi o I e i i l  ass oc i t i l o  o t  w i t h  in e l a s t i c

t h r o t ’ o i i t i l c i i s i ° t t a l  ~ ii~~I ’~~c ’~ t I l ) p r o t i c i t c - s t h a t  ‘ o f  c h a r a e t c ’m ’ l / l n g  th o ,  n i t i t e m i a l s ’

p l t v s i c s .  So-v cral c - \ i c I l c - t i t s ( t r \ & V  ftipe rs arc  av t u l ab l e
11 

as weB as e a st ’  h i s t o r i e s

nt mcoe c i i t  app li c t i t i o o i t s .  The c o m i o c : i t i o n t t l  i i l c p r o  orb t a l c e m i  in the t o  s c - l i t  h : ipc ’r

is  o : o s c d  t o l l  do ’ p r o m ise that l , i ’ t l o ’ i ’  c ’ o n i j t u t c ’ i s  arc ’  inu re ’  l i k e ly  t h a n  b e t t e r  n u mer i c a l

m e t u t o c o t s .  c ’ O l s o  - n o t I f y  a c o c t u p u t t i t i t o n a t  n i e t h i c o d  O t i s  z a h o ç i L - o t  d o t  L i l t  s

t i  c o a t  aoo s t s c it- nti t le  e o o o i t p u t c ’ r s  o l c o  h cs i , vec tor  p r o ce ss l o g .  It i~ an ad aption

I the t o n  m o t t o ’  gmoid i i ’ ’tt t l ~~~’ t i t t o t t t  that av t oiths e o o l U l e ’ c ’ t i \  i t\ ’  c i p t i t u i o o t l o n , t h a t

uses t ’ ’lat i~~c ’ l y  l i t t l e o r e  - t i o~ ‘v t t ’ : s c ’  c y c le t i m e  g t o ’ o s  at  l i st  l i n e a l  lv .  One o f

th e’ m r t c t h u d ’  5 ( h i s a c i v a m i t a g c ’ s  in l inear  p r ob lems , it is ineff ic ient  for m u l t i p l e  load

c o o m i o h i t i t o n s , (~~ n } t c t o o o i e  all t t o b v t i n t t i g e  in m o ’ o n l i n c ’ u r  p i ’o lt ] ems  o l o c n the  i t e r : i t i o ’ n

for f tc ’  n o  ‘xl  lot tid inc re men t  i s  s t a r t ed  I cu r i o t h e’ so h o o l i t t i t o t i  t he  prev ious  inc r em ent

s t - c ’  o m i t a sp e c t  ‘‘ I t h e  ‘ o t o p u f ; m l  inna l  pi~t t b 1 c n i  i~ t I ~~it  ot ( I O t a  g e ’ n c ’ m t i t i o o n  l ’r  th e

o -to ro tc ’  m a t h e m a t i ca l  m u o s  el . rh is pr tble’m ree c ’ived cons i o h o ’  ma ble a t t e n t i o n  in

he i t  r i c l i m o l  I o h o v e  h o t p tn i  nt  o f  I ‘A I C  l I E S - - I l l  t i ne!  r e su l t ed  in a ~~0 10  m e t r i c  cubic

t u t o o h e l i m i g  sv s t c ’m  a s c o t  o t t O  co ’ns t r u c b i ’ ’ n - i m c - c - ’ t i t c - x i .  1 ’  
1 ) 10 p1 050 11 1 e f f o r t  1 0 1 ( 1 ( 0 1

t t c\\’ o_~( ’ ’ o i o o t ’ t i v  c~ o n s i t i i c t i ’ - 0 1  o o ~ o o - I t c t l o o t o —  t t t  t h e  s \  — b o l l  . c l e v c ( c o p ’c l t h e ’ ~~t r a n t e t r i —

/ a l t t ) li  110 ’eo s s am v  t t t i  t i i O ) ( h O ,’ l i t i g  sI i i i  s i n g u l t i r i t i c s , de°vo Iope’ol intia—clct ’ne’nt
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p r c c~x r tv  mu neleli tog  tine ! (levelolied a common input for m at for all nonlinear mate’ mi a l

Prttpe .rtieos : \I ) I ) l ie t i t i Oi l I s  of these features are made t o o  a carb on — c a  m b ’  ‘ii un i t  c e l l ,

to nit in ter ior  c rack  problem and t o o  th e t r i ax i a l  response of a grap hi te bar tested

b y  i t o r t n e r .
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\I -\ 11:1 ( 1  \ l .  \ I (  l o b ’  I S

2 . I S b : i t  c - \ t i  n ’i : i b h  - \ l ’  ~l e I ~
- o i o  i o ’ - l ~~I 0 — a ~ c - t i c -  ‘o l  c u t m i p u b a t i o i i t i l  m i i c t t l e l  I l i t i t  t i e o c c u n t s  fo r  the

o t m o o ’ t o : o l o o o i s  i t i e h o s l i e  hi a c t om ‘ ‘ I  c - o o i i p o t s i l e  t o : i l i ’ r i t o l s , I t i l t l e  1 . I h o , ba sic  t i s s u t u p —

t i t o t o —  t i n ~~ t h a t  t h i o ’  t i m t r t - i ’ l : i l  i s  s t : c b t - o b t e ’ : i h l v  b t c c t o i o gemie cus t in t !  t i i t o t  O h b i t e  n o a e r c ’S c o p i c ’

j m i e I : i s t i c  b e h i t i ~ j o c i  is s r m u ’ t l v  l t i c t i l . I t  is t i l s o  ta ( i t b v  a s s u m e d  t h a t  t h i s

l u ’ I i t o v i , o ’ is c l e t e ’ r m m ’ i i i t i s b  t o  w i n c h m m m l i v  h a t he  ~v c ’ ; i b~e s b  l i n k  iii th e c h t i i n  of : is su m p t i t on s .

l c h v s t e : ll y b ’ : i s c t l  s t a t i s t i c a l  tn bo ’1s
1 

l i t i v - h e’c it -
‘ c r y  s cme o c ’ s s t u l  in e x p la in ing  the

(,‘\ t e ’tl s i c o l l t i l  b e h a v i o r  ‘I gmtq th i t o s : t s s d t c i t i t c - i  cc i t h  the nuc l e a t i on  and grow th ‘o l

n u i e r c s rac l~s. h I ’ c w e c c i , t t c t o l i t i o c m i a l  c o i l - , is r e c t u i r e d to i n c lu d e  a she a r  m e c h a n i s m

t ine1 t o o  redue’e lh e i  t . cc  o m u p u t a t i t  c n t t h  c ’ q  O e - t t s c ’  h a l o  ‘ m e ’  t in -v et i r i  se rve as the  bi a s is b r

a gi mi o t a l  c-ott’t p cmt at ioo nal t u o o o l c b .  M t ith ein tm ti c ’allv i , a s t ’ o i  s l : t ! i s t i c t i h  t f o e o o r i c ’ s  h a c e

‘to t he ’i~~ n e a t l y  as sU( o ’ t ’ s s b L t t

Fable  I ‘e t i o m l t a l c c u S  i t t e l a s t i c  , e t l v t c ’ r  o o h o 5 c r ~ ed ml c omposi tes

lt c h : i v i o o m  ~o I o t a l s  ç~~~ i~~~ t s i t e s

Y iel d ing l!idc pc’no t cnt o t t  h v d i ’ cc — ( t in  he ‘ t o ’ 1 - n ’  ‘ - : 1 1 t o t )  ho ~’o h r o —
s t a i i, si m e s s  s t t o t i c ’  ~~t m ’ t ’5 s

Ine lastic C iv stt illcog rap hic slip M ic t o  ‘e ’ m a  c ’ k i t i g  , i n t e r s t i t i a l
M ec h anism Twinning ~o l i p ,  i n k  r t o h u e h h i n g

Inelastic t ’ o o n s t a n t . v o l u m e  I m i c l t i s t  j o s t r t i i n s  can cause
Stra i i i  pl ast ic  s tr a i n s  v o lume  e l i t u t g c - s

i n l c t ac h ing  (O ccu r s  t o t  e last ic ( t i l t oc c eit r at s e c t u i t  modulus
modu lus

Fa i lu re  Convex f a i l u re  su r —  ( ot ie ti c t a i lu r e  s u r f a c e s
r On ()C’CU l~

The approach taken assume ’s simply that  the sI m e s s  —st ra in )  law is Some ’

t u f l ( t i( ’n of one or inure  st l o s s  t o m  s t r a in  state’ c- ti  r i t t  i d e s .  This a s su mp t i o)n  ct t n  be

used l’o t r  b , o ’ l o  i ì cr e ’r o ie nta l  and I d o l  s t r c ’ s s — s t n t i j n  l a w s  hut  the l o o sen!  e l t i l  is

l j t ’ t i j t e o l  to t h o ’  l a t t e r  ano l  to three ’ state ’ \ t i t i t t h o ! o ’ s

4 — . 1 —
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‘0.1
C i j kl 1 ’ LI 

I t

cc ’he re (tue  is tc ’m p e r t i l u t e  mlii is I t o  t oi e’ eh iat ii c ttl sl  o ’ o j t i .  ,‘ \ l t h c c u og hi l i t  t ois ’s o ’ t i b o t c i ,

c c i m n i o t o h y  used ‘0, ti nch V (‘\ ~~) t’ i Cslcc n s tI m e

1
i t  ~~~~

‘ ‘2~ i i

t o iid

\ l  \ I
V h” \ , \‘ (, o2 i t L I  I I I

c’. i t h t  t i t i t i l o o g o t i s  o - \ ) o r e s S t o o t l s  t o o  s h r t i t m o - S t r c ’ s s  f c c o p t i i t h ; i h j o t i i s

~~l H1 ~~
‘ 

\‘~~) 
~

H ‘L I  (~~~‘ \ 2 I 
eJH

‘ l i m e ’  t o  is to I ’ o n o : t l  s i l t 1 i I t i r i t ~ t o  t i t o i i ’  c u i b  i n e t t i  s t l ’ c ’ss -- s t l t i i n  m odel ‘ o f  N u t he’r
1 ’

, but

b u s  m c ‘ t h e l ( ‘ c — I  l i t - I s  ( l i e  b o o l i o o  c c l  I c  t i t i t  i t o  t h~ a i t ) c ) ‘ os a l i t  ct t i  - e ‘ a e b I t o , ’  I t - m i t  s i to

I. t h o tat b u s  o 2 c  to ‘i t Oh 1’ t~ l i l t  I e pe om c o mit t ’ ’ t e l l ’  ‘ i t  ‘ o I  d t c -  s l a t  c c c l  h o c -  c o i a t t  r ito I . ‘Otis

is t t c - o ’ c - s s : d i v  t o o  t i t ’ m t t c i l i t  t o t r  c h a n g e- s  in ftc’ d e g t e o ’  i i  : i n u s o o t r o i o v  d u r i n g  ine l a s t i c

st r a i m l m t oo .  
I c , I 

~ g r c al u t i n c  ~~~i ’ m o - l : o b i c c  m o o t t c b c l s  i n c l u d i n g  Batdto rt . b o ’mot s -N o’ lseti .

\Veilo,’ i. , I Iaim — Tsai auth the c l a s s  ic :i l t h e f n r m a t i  on moo lois cam ’i be represented ems j ug

i - t l u t l l u c n  I t .  I t  t t l l o o v, c o t  ( l ie ’  d e s ign  ‘‘I a t ’r i o n h i n i t i u ’  o i t t i t e r i t i i  m o du le  e m im o n i p t l s s in g  a

v a r i e ty of’ I c o m m u b t o m m o n s  t i l l  u s ing  OctI c i l i h o i l t  t t 1 t i i t t t .  ,- \ I 1  to ’o c ) ( h u l I  ttrR h stt ite’ lut ic t i ’’ tt s

t i m e  i n  b e l l ) ’  ) l at e ( I us in 1ii e’ce w iso’ co t bios cc ii i e h  t i m e  c t ipabl  c ot appn’ox in) atirig any

(‘ t m i t j f l o j t c d t s  R i t i e l  ion as o,’ l o c s e l v  as req u iuo ’d .  T’his : m c i c i d s  t h e  i m i t e r p u l t o t i o t i  ) o r o o l m b c ’ n l s

ass o e ’ j t i t o  ti w i t h  expom ie nt i a l  apprt oxi intm th otis i i i  the b o c m e s  - N e l s tt n  mcte l e l  . ‘Flit s t a t e ’

t i mi t t  bR used in (lois iii o t ( leI  is the s t r a i n  energy de m is ~~~ ‘2 
\\ ‘ , so that the I ’

l l
t o t o  the ( , - t ine l  th i ’ no ted i ne ’tl r cc 1wot it  on

i L l

\V ç 
- - - 

(~V o ~~~~~ .
‘ M 

( bu ilds- Ne loc o o i l ) i I i
i t k l  I I  LI

m eu s t  he ’ su it ed  fo r ett ch s t r a i n  st :t t e .  The I~tt t dt c r I t ooude ’ I us to st t ’ : c i t i — s t o ’ o - ss I o ’ o ’ n i o o t t t t t ’ ’o

th iti t is cci ’’, simp le tim id tr eour’ti t e l o o m  Irt lns \ (’i sc ’lV i so t r o p i c  grtip hule s. I i  [ iso t i n

- —t-

I-

• 
‘ “ -.
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e t f e e t i\  e s t l ’ o ’s s  I ) t t m t t l t U ’ t o r t O  a s t t ot e  c a r i : i l d e  I b i a t  e a m o  t o ’  c o m I c  c mt ed t o o  a sI  ‘ t i n t

t ’o c u n o u I t o t  i t  n o b y  sc cI t i tog  t i m o o onlineti m c o  ii :it t oll.

T I a. a 0 h t a b o l ’  ‘ i _ I c

~~t i  i i  L i

- _ \l \‘I t o
I : , .  I , O , ~7 d  ( c T  ~i 1 L h  n i m m i n  i~l,st m l i i i  st

I to ’  t it c oo leu li t i n e  l i n e a r l y  & I c ’ ~o c ude~~ t on d in thus tmtt cde l . h o  e t c her i c c  ac c o unt  t c o r

t e m i s i c o o t - e o o t i ! ) c r o ’ S s i ’ o o t  It ehi t i ’, n o r  chi f t ’c r o ’ i t o  e s , h~t i t e h , o m f i t s o ’ ~~ an t b  l o t t e Itrt,ce ’ckirc ctt sc’ ol

on t im e ’  s i g o i  ‘ ‘1 i i t o I i ~’ i o l u t i l  s t t ’ c - s S  rotil lj000 e’tlts . t’ ttb o, m t oi t t ibel\ ’ , h is iom’ ’t ce ’ o lu r i ’ ,

cv i t ~ ’ om u s e d  w i t h  b’ t : i t i t l c c u u  o ’ o o , ‘ ‘ l i o n w i l l  I c t l c i  t o o  o sc ’ ihl t lfIiig d h j ’ t i ’ gc ’mo -r in-tcc’een (w it

stress sttit es l i a c’ i n ’o l hc ’ s tone  a ba i t d i t l e r e ’ n t  s i g ns .  ‘I” t t v o ’ I o l  t h i s , t h i e  si gns a re

he ld c c cut st :t m ’u t c b u t ’ i i i ~ c o o l! m t o t d cn  c ’ ’ , e ’h ’  in  PA T(’ iI h- S—IhI . ‘ i io o s -  t h i l f i e ’ u l t t c ’ s  a rc

ce ’wai’ c!eol liv surpi’is u g l y  101 cm r a te’ t t g i’c e t ’m i e n t  w i t h  t i m e  e ’ :- t te t t s  i c e  l t i t i x j t i l  and t r i t i x i a l
9

elatti oh) t tllul e lh ho ’ , b o t h  o t ’ . N  u time r i ct il m e su l t s  o i b t u u n e d  o u s i n g  I - t 1 u t l t i c , i i  - o  i arc co rn —

p t o u t - o l  cc i t h t  h is  a lto l a t e r in the  pttper for triaxial load ing at cons tan t  st r a i i i  r a t i o t s

l ’hoe \Ve i i em m o o k ’ l  t o l o c >  uses  tin o ’If c c’t i ’ t ’ s t r es s  p t u r a t t l e t c r t o o l  ti sttitc-

‘,‘ t i r i t i h ! c  h i n t  t i l l o w s  ~~~ 
~~~~~~ 

1 ° )  bt o h c p e n c b e u i t  toll  th i e  e ! t e c ’t i ve  s t r e ss  to  account  f o r

e hanges

lit , - ~~ ( a. - a I \\ ‘ c ’ l h e ’ i l  ft
l I L t  u LI

in an i s o t t  mo lt’, w i t h  s (maimi. Fhie pr ooceolure us e d b o y  ‘~\ e ’I l e ’ r ano l  ‘ t t i c - r s  is based ion

c o o n s l r t t i n i n g’ t h t t ’  ‘f t ’ecl iv e  c l a s O  t o - cc ’ c o rt-t t o he e’O b U tLl to hoe  un i tixitil p l a s t i c  ‘, coo rh  in

t u b  cu r n p o ° t t ’ t i I .  ,‘\ p j o i i e t o t h c ’ n s ‘1 these m tu i c’is ha ye ~i s i - o b  
~~~ j l ’ i  

f u n c t i o n s  b lo t t l ~~r

the  c ’ tlc ’ e t i’ ’ ’ sti’o ’ tS i miooo flsi ti\ ’c l o t  h v ( I r o s l a t i e  pi’cssUl’e- , but t h i s  is 1)001 ti m’ed tuim emeflt.

Ry bick i
1 ineluc lc ( l  1) loiSt ic t o u t mi t e change ’ imi tin ~ i i Ll t ilode l for  a c a  1 1)0 o i l t i ia te’  m i t ch .

.5 i’,-\ , se ’ve t a l  veto u— s a g o  o ~f lhI oh tt iimie t d good ci ir relat  it in with data f o o t ’  tI pr~-~~~u r i  l e t )

t es t  cv! bide m imn dcr a_x m l  h ood . I Ic , ton , U see! til l ad Ito ‘c !)t ’O( e ’o h el  r e I t t  account toot

ti ’ i ts io oll c ’ oul I oi ’ o s s i o on oli f f ’e ret Ied’s.

‘I he c - t o r t - c ’  I a t i v e  mo( !els descril) ed ha t c ’  bo c’o -n used p r i ne ipt o lly l o t  p t o r t i c  —

ultiR ’ o 0 0 0 t t b o o o~~ f t c ’s.  I t  is t o I s ’  possible  t o t  t ’e ’prcsc lt t m cos t t ’ °  ‘c rc - ha t  i c e  m ut s i e l s  u s e - o h



t o m  j i l t e r  t o , ’ i n f o t r c o i h  o ’ o o t o i l t t c s i t e s  w i t h  E q u a t i o n  I l l .  ( t ,n s i c h e u’ b r  ( X t I I Y I I ) t t  ( lie

t t t i i m o -  ! s : t i
2 0 0  

mn c c cbc l in whic h liii’ m i c c uih ine - a r ity t oo l ’ ti l a t n i m i a m is she - am’ o l c u u i n t c t e - d .

In  t h i s  o ’ t i s o ’

\ 2 i~
t 

m l - ’  a 9 l lt ohn - ’l’sai) 171

t imid the c x t c - t i s i o o n u t  I C ’ 
- - tine iil (hepelidlell t of V.) . The-re are essential  d it ’fe -r e -n ce-s
i L l

be tween th u s ti ’i oode l  omi t ]  t h i o t s e ’  u s i m i g 51 l a i n  efle r g\ ’ t o m \~ al thoug h at sma l l  st r a i n

Icc c-I s both f i t  the data lot ’ o, i tip bt itc ’ — eptoxv l a mi mia t e - s  re asonably w e l l .

2. 2 Sptttial \a i ’ ia t  o le  Motd els

The ’ ccli e e l  m c ’  is t o t  model prope rty  ch i s t i ’ ibu t ions  as accurately as d efo r—

ma t io rn s  Soc  t i i t i t  u o i o c t b e- ling ’ ck- ta il  is c t t n t r i o l l e c . l by i - c - p r e- s e ’m t t t i t io n  c o f  the- o cu tput  i- t i ther

t it an the inpu t .  Tb is c c i  1ui I - c n n  c - m i t  is :inothc- r imls ta mu-e -  ju t w’h i ch  e o ) l i ) p t  Os it t - m a t e ri a l

-o nlo dle ling di ffe rs i r on m e t a l s  too th  fur n i ic ro s t ruc tu i-cs  011(1 SI ru e,- tu r cs.  A carbon—

d ’tt rh on u n i t  c c i l , fo ot’  ext i  too ’  t I e , can he modeled ‘,c’ithi t ine c-a r iable prope-rty e lement

or eigh t ,-oui statit pr~ pe ’rty cleme -mots.  A he lically wound s t ruc ture  with changing

radii has properties that arc c ontinuously chang ing and is also most efficiently

fl)O(le ledl withi va r i t ibm ie-  pr~ pc-rty elements . The appr oach taJ~en in l’A TCIIE S—JI [

15 to use the same p t i m t o r n d - t r i c  cubic functions for 1)0th ge ometry and ph ysica l data.

It is a gencral i zat ic c i i  of (hoc ’ i soparamn etr ic  approach and requires the de-c’elopmcnt
c i f  flew rncnl e -i im ig techniques for pi’iopertie’s.

09
Hecently IIenshell~~ demonstrated how variable mesh poin t spacing

p aramet r iz a t ionl  c - t im ) he- used to greatly improve lsoparamnctric models near a

strain singularity . The saune technique , changing the parametrization e)f the g c oo m il e t rv
model , can be used to model the step in mater ia l  properties at an interior l)ifllatet ’iti l
interlace. In this instance , Fi gure 1 , we induce an inflection point in tile property

model at the interface by constructing a ge d o ni e ’t rv  mock- i with an inflectio n point at
floe int em’ t’tic ’e . C c o l t s  Li l e t’ :i coooro,hina te funo ’t  i c  c i i  ‘1 (~~ ) in t t l ,L eb ) r t i i c  f o r m a t
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t i m id 1 : 1 0 1 0  ‘to e the ’ o o > t t m t c t t t r ’ ,  t o  nc °i t l o  n — t~ i l i uo t lc-e -t ioiti (‘m ist x’to it

- ‘ ~‘i i O i  =

Z i 1 ~ t’o s S ’ S
1 2 3 -1

Z o ~~ o ( 0 : 3 5  ~~~~~ - ~~~~~~~~~~~ S

‘
~~ 

I) — i ; S 
~~

“ 
- 2

cc’ho ’ i ’ c ’ the ’ S l o b )  15 to t Z Z o ~~t .~~~ °- c ’\ t  s ° h y e  Em ~u : i t i t t h u s  i 9 o  in t ei ’o i t s  c c i  the  ti s vet  UflI ’t flc ,oV- ’ll

~ w hto ’t’ o ~~ / = ‘/ o l (  - 7(I)).

Ls,z / ( :
~~~~

‘ i~~ i )

2 
= ~~~~~~~~~~~ (~~~

‘ - -

~

- 3L~/~~ / 
2 

- i)

= /~ on i l o b

‘l’h ie- l oca t i c i t i  ol the’  step or inte r face  i i i  p a r t i t i t e t r i e  ~~~~~~~~~ ~~, ( ‘ t i l l  nt  ccc’ be found li

si olc ’iug tile’ e-ubi c C t l U t i  1 1 0 0 1 )

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 01])

f o o t ’  ( l i e -  root in tile - inte -r vol  t) ~ < t cc’here ~~Z — Z - 7(0) and I )o’-— e;to’ tes ’ rul e o f  sign s

guaran tees  t t i c . ’rc cc i l l  he- a m oot ill the- i n t o - r v t i l .  1”hi a lR , a f t o o ’ t o o l o u t o ’ i o ’  ~ u i cj e  f o o t ’ a

pr u p - t ’ t v  c t o t i i p o o i i o - 0 I  P (~ is ‘t o t o t n c ’ o  I bo y impos ing  the ’ h u o u m l d l a r v  c c  ondi t i ons  l~ ( ( t O

P (i j l~ a i m ’ !  I’ (0> 1” (ii . ( o f _ f my - i’ t: 1 0 0 1 ( 0 ’  ~ t o  r - post— i b o l e , 10c r  examp le , the ‘0 ’ a luc o f

P ~~~ ( e c omold be p i ’e ’ser h i o o- o l it four  1 i t t i m t t s , b i t  this will c ’ - o c o s o -  P 0 4 )  to fal l  ou ts io le’ tile

int o - i -v o l  ~P ,  P
1] 

ove r i~~ r t ) c  oIlS o f  i t o ’  in te ’my al  0 ~ 4 � I. TIffs m ay  be’ necessary if

i t t - a rea  under  the t,- um ’ v e is a key partitlieter . h u e  ‘ to  ight Le’e j) b i t e P o ( I f  = P 0 11 — 0

(‘ or ist I ’air i t  and ! c’hcotose t Ite - c- t oi ue-  (of P oth such t h a t  t h e’ i n t e g r al  of 1’ I 4 ( on the intel’’, til

~ gi c c- c ;  U ie  o ’ o t r m e - c - t  area , P , with  tI l e’ 00 0 i ’ r es h co  co olin g choice’ lot’ P ( 1 . in

g e o i c ’ m - a i  , th e’ ek’termim latioom i ccl the’ pt it ’ouolie to ’i ’lati itn and ti c’ intrt t— c ’lo ’nt ent m o r o o j o o ’ r t \

nioodei ‘ ‘ c i i i  a n o t n l i n e t i t ’  jo i - ’ o g rto n t m n i ti g pi’oib o lt - mti 0 0 1 1 c c  t I l l  :meemrti c’\ cm ’ite ’r it i  such as

b o o s t  Sc~ott oi ’ o -:~ is ec~t : o t o l i s b i e o i .  I I o c c ~’ o - y c ’ r .  a gro at o0o ’~~I cami  be ie ’e oo uooph is h etl ~~ t t i o

- 5 -
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o-o i t t o p li - t u n a l y s o -s o f  t b t &  (t Ic ’’ 1)re’sC’nIted. l° a r a u i i e t m - I y , : u t i ( o n s  t o m  ti st o-ai n s i u i g u i a u u t v

tot 7. ( 01 , for  c - x t i t m o p l c - , can b o c c o b o t t t i n e c h  cc° it ! out so lv in g a cu b i c -  tuid se-ye-rtui are-

l is le -c!  in Tt ih lo -  2.

‘ b ’ t i b o l e t  2 Sti-ttin s u n o g e u l a m ’ i t v  p a i ’ t o n o e t n ’ i / . a t t o o t l s

Z , 0( ‘/ _ ( i  : 1 )  Z r / 3 (  7 ( 1 1

.2  9 - I L - - u  L

I 27 ~ L ’ 27  L

~2 0 - I l ,  27 2 ( 1 1 ,  27 L

Cccns ich o-r ne xt t i m e -  mc cc l e - l im l g  c o t  u f ib e- m’ i ’ o ‘in f o orc - e- cb st i -ue -tem i’e- ii) which  t ile-

4 d t t ’ i e f l t : m t  i ’ on o c t  f l i t -  mu a t >  - r it t i : 0 \ o  to d i t t i t i g ( s e - o o n t i n u o t u s l v  w i t  ii I’e ’sp e ’d’ t  t o m a m’efei ’e’nc e

It’ tOll l e- . An  i n t e r e s t i n g  e- .\tt oot h JIe us i ’c O S d’ t t e’ c otfls t r c ud’ t icoll U sed in r o o - L e - t 0 0 0/  ‘he

s t ruc tu re- s in which  ti o e - I ihe - r s  spii ’al t ibo Ut tin a x i s  c v i t h  c-hang ing i’adii , I ”i gure 2 .

l’t i’ gti m l o 0 p i ’ooc ’im he -s  a o h o ’ t ~~il~~o l a c’eoount c o t  the i- elati cns be (cvc emi e’oioordinate frame-s

4 amid! shows t h at c c ’ h u i o -  t o x i s y m ~1 mi i e ’ t r i c , th e pi’ope i’tie s c ’ to rv in the -  r ad ia l  e l i r e ’ e - t i c i n .

,\ iso , t i l l  21 elastic- t O  t i s t a o t t s  t i m’e ct c t l — Z e ’  u o o  f oo l - this  m at e - m’ i t i l  in e-v !  in oI r i c - a l  c o o

re-cf_angular e ’ c c o t r o h i n t t t i ’ s  m o i a i ’ -ing e-l ’fic- ient prop e rty n) o( le ’l ing p t o r t i e u la r lv  imp c o r t am i t .

The t i ’a n sto rm ation f m o t m mui te - i ’ i t t l  coom ’d inatc -s t ic  e -yli n eh m ’k - al coordinates  in t i l l s

e - t l s d -  is c !eter rn m c d  hv a i- ’ o h t i t i  O t t )  ~~ ( 0  c i i s t t i l ) t  f o o l l o  iwe-d oy ti i ’ o o t a t i t om i  (~ (~ 0 1 , 0  wh o ’ re

r sin c~ co ons tan t .  ‘l’he t r a n s f o r m a t i o n  to re- -tangular cootrehimlates simply require’s

a o l o) ing  a rotat ion ê to ~~~. In i t r a— e l e -me nt  prope i’ty mu dd ing in this ease  requi res

only the ply p r o pei’ties tone! the spatitil disti’ibutiun of the l- eml e- m’ angles.  ‘l ’htc o c r i —

ginal PA TC l I E s — I l l  sv s t > - r o i  was des ign ’eI for such i n p u t  hut  did not an t i c i pa t e -  the-

no-ed foot’ c ’ a t - i a b o l o ’  I-uler a t o c ~Ir c b t i t a .  -‘cs a i c - s e u l t , t h e ’  ~p t i t i t o l  \‘a l ’ i a t i o t m l  ( o f t i l l  21

e- l tms t i e -  o t i t i s t  t i n t s  lit i~i t o o  he n it t t l t leol io lc ( iv  io lua l  l~ using a j000 - — p m ’ c o c - e - s s ( o t ’  to i l ’  ti to ne- —

e l ( ’ht ) t’ f l t  mn od t ’i  i i i  a t -o set te  e’y l inde n ’ . ‘flu- so t i m e  m it  oo I t - I  could h i att ’ been e- r e t i t c o !
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fr ooni th e s1o~ t i t i l  c’ t im ’Iat i tcml oh th t u ’eo- I- :ulo -i’ am lg lc - t- , tcc - o o it t c’, h i b - u  i re - m ’ cc mmsftu m u t. oom ~

~)t~r i - , c c m t 5  t o t - i c c - c - c -mi  t h i c  1 o o m t n t i i c t i i c  t, - u i t i o - b c r o > b ) e m ’ t u > ’ s  t ino l  b i t e ’  t i n a l y t i e -  s b i o u w e - o b  o b I l i o ’ t ’t’ oi o’ o’ :

c o t  i t - ~~s t h i t i u m  ‘ o t t o ’  io, u ’ e’e m i t .  ( tmmt u i ) l & t c  t ’ ’s e i l t s  I r c u m m u  t h u s  sh o d ’, ‘,c ’i l l  but ’ l Oi ’ o- ,S >’t i t m tI in

ti it itc i’ o t mot o ‘ ‘ . i- i u i t & l l ’ , ’ , i t  sh u i t u  I d bc i c- m t b o ’ m:i b o n e d  I I t til - , o v i m )  ‘ h o -  h o t ’  O h io’ i t  y 0 1 0 c c  b o  ‘ Iota

ti o l ols lo om lie-cc’ b o g  t o o - s  - of  - I o ’e- o - o l o > n o t o o  t h e -  t u u t a l t  c— is  m o t o  c l i i t~~id b 0 - t o i l  n ’ t — o h t u t - e ’ ( i t t  ntu jn bo i’

oc t e ’ le ’uit c ii t s rc-qli i re- cl i c r  so o m 0 0 0  i - c O m il p c Os i t o ’ i i i  d c ’  h i l t -  -

F

— l O (  —



3 . oO t ( ) ‘cl l ° t  I A  I i i  ) N ~\ I ‘c lUl ) I-  CS

3 .  1 ( ; e o c u i o e t -v

I b e - t o t is i e coou ,s t i tictio no s ti u id ot ’ c o h oo’l’ t i o s b i t - pai amm i e - trie cubic- lmmle- , suiIta-e-

2 - i  13
On e! ‘,‘olettiie no ’ ‘oiels i ot a ’ , ’ he- to tun d but t h e cc coi’k of C c o o o n i s  t i mi d  o thers  . 1 t o ,-’,’ p ro—

t id e ’  a d ata b i t t  ~o ’ t o - i -  e,’oniput o ’ t ’ t i lde c i  geometr ic -  o les i g mi  ‘ c c m n p  r e : t i e u o s t v e  e t t o o  icig it to be-

used l et u ’ pa i t  S d e l i  m i i i  ‘ i i  i i )  uit t tm mo o it ie ’tct u - i utg 
— 

-itl (l time-v u mom cc are cisem! e’,\ t e O o c - l  y e - i  v ii ,

i n t e hmt-o t m ’ c bo o -uc :iutd ml ’ u ’oot i o h t mo c l e f t  tic external sot i ’ft uo ’cs . ‘i het m ’ m e lia h ihi t ’ , ’ eiul’i ’,-es

i’ i ’otoi mii o dc -l  j u g  h i t  pa ma c i i  e spa c cc fo e ic t bme , re a t e  t o o  j i b !  ~
- o m t s  cci 1 °’ , t u s V  i i i  j o t o  tie-

s b o o i o o -s tit le ! t h e m e  t o o - e - o m o ’ : t o ’c t h e m i c ’ e- s f r o n t  u s i m l g  b l e u ’ t i o t ( o ’  p t u l v u i o c n t i t i l s  c c - b i t e - h i  o o t o - i p ’ o i a t o

a func -t t c o o t  t i m i d  i t  ciy- i - i y t i t  i c c - s cc i t h  l h oe -  s o : t : t b i e ’ .- p uss  t b i le- e’ I t~ > i . Fbte- p i t t -  to,  r t h e s e -

qualities is tcc e!ve o - :ce - I t :cie-tol s for  a line’ , t o - i t t  ~o t _ ’.~ I b o o m  ti siivl:o o ’e i~ t tchi tOld 00 0e

hunolme ct ninc-tv—tw o o l o o m -  : o  oc iu uite- hvpe-rptttchi. ‘b c- ‘ l o t ~ a c - i t  i t i o c n  n t ’  i o h o m for  t heso ’

c- oc- i f ie : ie n ts c-an be sc o Ce ’ ot using ti le- co~ic - t i - uc ’ t u - ’ uo b u t —c c c i m t o  ‘J : m c~ o i ’ ’ : c c  ! t  t o ’ v e l t ped t o r i —

gintillv t o  c c -  I ‘~\ T(, ’ l b  LS - I I I .  Th is sv s t e ’ o io  uses  a -
- tm r i o  t o , t o t  I Ps L .  I °A l ( ’  ! I and l iP

elf i’o ’ etivei-i cv i ih i  e ’ V o o S c -  m’ e- li _ -i ’ cnciio g t co e ’ c o i i S t i ’ l t e t  (lie’ g e -o b o e - t r y t i b e t . I c c c  o t t l l —

st r lt c t u o o m i  o p e r t o t i c ’o o s , m i m I c - c t  y c c b c o m i o e  and o u t l i n e ’  s~u o t t o c ’ o , t i r e  m I t u ’ — t t ’ti t c o i  I n  i’’ o g u o c -  3

a mid a Ii s i )  o g  of the- cci m ’i’entl y a v t c o  I able options is t t’o o v i d e ~i n o ‘ I t t b  o l e  . i to -  out i  ne

sc ’i-l:io ’e o ’ o o o o s t  i’uc’t~ o ,to o l o e m ’ : t t m o c t l  sbio cc’n in Figetre 3 c’ o o i t S i st s  b u t  b a t ing  the- e uniputer

m o c c’e an  outlin e eui’\ e a l om ig  a ha - a curv e w i t h  a fixec! o o i ’ o e n t a t i t t m i  i - d a t i v e  t o o  either

a global Ca o~I c - -- i an i  f m  m ote o c r  th e  b e-al l- rene’t f rome- c i i  the b o :i i-ic- c u rve .  In developi cog

thus  o o p t i o t n , i t  t o o - , c u t e  ‘ ‘ 1 i o ,  j u 0 1 0 s  t h a t  in t m t t om tv im ist ali c -es it would be desirab le  to c-Iuamig i-

the ii’ u i  t i t i l  o u ’ i e ’m t ’ t o t i o n  ‘ ‘ I
- t h e  out l  j u t e ’  c_ -u rye . This  fea ture  cc ’as provided by alloy ing

at ) i n i  t i t  I t r a n t 4  ‘ r -  mo n o  t ’ i ~ t~ 0 : 0 1  I eac ’ e- s tile file ’ c c op t -  of the oemt l i  ne Cu i’ve ullci’m am i g e eh

In m - e tt ’ oc ,- i b c e - o -t , m oiato y o i l ‘ t v  to  m ’ i g i ° , o t i h  P A T C1!ES — [I I d]i u ’eo ’ t i v e s  would have benefited

f rom sue-h ti f e - t t t m ,t i c  cc ‘ o f t - h o  fune t t ions  as to modifieo’ in the lamuguage impl i c i t  to the

present  app i’oao bi . ]‘he b o c - m i e f i t s  of h a v i n g  even ti p r i m i t i v e  language have been

s o o t o~~ t t i n t  itt i fo u- oh :m t t o ac ’mt e ,ot oo o o . The system func tions as its own pre—pI-uc-esso I’

anti aIIocc - s s hotm b c o’s , like’ l o u s e  shocc’mi in i-igu u-c I , to) b o a e’m - ea t ccl emsimlg i’ co ug h lv  ten

i n p u t  di r - - t i  y e s  I o t t  rds ) ~)e ’ m ’ model . 110cc eve-u’. the unodels c - n ’et i t e - oh con ta in  sevu m’a I

humid  c o o  h o ’c  o e f f i e - i  c - m i t  s tha t  comp letely d o ’~ c ’i’ihe the geome-t m v  cmf the Ii gu m-c . The

F re mi et fr’a me for  ;m lim i t- 7,~ ~‘ , fo or  exa nup le , c an  he c o m p u t e d  di m e e t  iv  I i ’, iii t Ime

o pa r -amet u - i m - -u hne  m oxie -I
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‘,t t o t -  t o  c ‘ i t  I t o o h m t t i  Ii t h l  l e o  “ t I a t  i c o i m  cc’ i t l t  oe c -i o c c ’t t o t , ‘ , th e- h i t  to o~~- i  u ’ i c ’  e c~~~o m ”  i m i o t i t o  - .

I t  i s  tO c - u t  a i ’ o o u t  b t o c  m at t e ’  m ’ I c c  e’ o o t j c t i t  c -  si t  r t i c e  t u o i ’ t u u t i b s , ti m e - t i c - , , ‘ , °  c l o t t t c t~~~ o , iii rc’ti tu m o - c-

a t o e! i t o  s it  c i I  O t t ’, ’  go - o c t  t o e - i , o o c  i c - o t t

‘ i c -  ( C o o  i t t - i  i t ’ ct ci o c - t  ‘i o c t  t o u t  d i  r e e l :  ‘,‘ec- 
-

I ,\ htC 1°C I° ,~c ,i CII I t I l l  ‘B SC.\ 1 1 °

1~ i NI : U L t A l’ C t o ~~ h i 0 1 ,  ~i( ’\  I _ i ’l l

13 NI -~~’S I ’ \ I C  I l l ,  i P h I l  \ ‘I ’ \U u \ I :

f~I ~— l -  l~C l t ~\ ’I ’Cl 1 ( 0

i ° ’e f C l R ~ l h l ~ h~
1 1 1 ° !
1 1 1 2 1  o .\ -I-
I I  po;  i° .- \T

- Mnemonic  S t i l l  ix , -s :

A ,-‘cI ge -ho ‘t o e ’  , El l i d - c  m m t c ’ t  u~ic ’  - (‘S t~ t h i c -  ‘~j o b  m o l e - . I - I i o t e ,

N — N o o i ’ u u a l  , P P o u i o u  PC J’a o ’t lnom _ -i i- i ’  C - l i e ’

Q Qim acirilt e le mob , H — U o o t t i t m o o o o

2 ‘t ot 0 ’  i~ I t -  t o t e -  t o t

I h e  ( i c - v i s i o n  t o ’  O O S C  t b~ c — i x t ’ ’ —f oj u i ’  point i st ipa m am e t r i e ’  f i n i t e e l e -n t e - o t  for

the p o e s e u o t  c - i iuo h y  r e s t -  on i t s  t i i o c o t o : i i l i g  e i l i o ,b e it ie ,’v f o u r  a n i s o o t t ’copi c nlti t el ’ otm bs , for

pat  btolc c gi c tit shtto pe ’ s t i m i d !  tom genie u -t ot htiunela m-y c - o nd i tio oo ic - i. There ir e mami~’ case- s in)

w h i ch  these’ qimal  l i e s ar e- u m u t  u’cd ~ui i u ’ b  t hc tcc’e v e i , the focus here is on) t b i ~ aneonoaious

he’bt;ivior oc t t ’ o o t t i p o o s i i c s  pau -t ieu lttr lv in highlly sti-e-ssecl suites. In this u’egaroh i t  i s

i n l p o o m ’ tam ’t t  to m ’ ouh i iet t ha t  mtit c-ria l t o f u - e d ‘o pt’ : m I i e ’ o - t t~ u ’t l a t i - iX o ’ m c i t c t o i i o o u t m o ’g as sti’o o ng ly

t o t -  ge o t o e t o ’ t t ’  a spec t t ’ : t l i o o , ( ‘ n n s i , i e ’ -r’ , fo oi  ~‘ ‘ ; t i o ’ o o I e ’ , a he-ated disk with Isotropic

p u ’ o o b ue - t ’ t m e s  ( I - : — 2 ,  h )  t i o o o h W i t h )  i i g h h v  a n i s o o t r o p i c  p roperties (C ‘C 17. 25o it o cc’hi eh

thi et Ie u mipe m ’:mt ui ’ e c o m i c s  q t o : m d u ’ t u t i u t t l l y  ~~m t h  t -adici s . T h i s  e to t i t i ge  it t m l )tite ’1-ral : i t t i s c o t u - o ’ j o c ’
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~-aused t lie m i m i  nch c i- of ’ c- Ic ’ t n e m t t s  r -equi red h oot’ gc)oxi sit e- s Se’S to (Ie ) dihl e Os Table 4

eli ,’ i l t ( On St  t ’:i t e S  - I ’!ie larg e- huoup st F e c - S ‘ti tb 01 r 2 U 3 15 n e On  0 e point

Tahle~ 4 - \ m i i  st ot ropv effects 0 0 0 0  51 u’ ec - c -  t i e o ’ d t  l U c y

l so i t ro  An isoot i’u pi e Ami isootrcopic

T’,c’ot E leu i ient s  Two Flen lle-lt ts 1- ’ our l- lements

1’ /1 LI
1,

’ ~~~~~ 
~~~ -

‘ 
“0 ’ °‘

~
-
‘ 

~‘0~

0 0  . 1 0 t H .9’J ’  1 .  12’~ 1 .  12 t -  l .~ ui3 1 . 033

1 3 . tH 1 . 977 - t- 1 1 1 . 1 4 2  1.  03, i 1. 0) 43

2 3 - C7 1.  0 0 3 0  . 1 1 1 . :97 . 10 0 11 1 . 3 0 ,

I - - . 0 t H  ‘ . 173 ‘ 1 . 1) 99

• I C i t i m o  c o b  c ’ ’ ’ t t t o t t t e o b  s t r o ’ s s  t o  exao ,-t st r e s s  

Ii  , - c , : o o - I  ‘- b o s s  is i m ’ o ’ o o  at t h o i s  p i c i n t

and o s  —om p I~ m l  u i t e l i e a h i c  t oj t i a i ’g o ’ d i t t ’o - m e ’ m i o ’e-s in small numbers, Similar

st et dies  0 0 0  t h e ’ c - I  I i - ’ 1 o o f  i i g l t  a c - t i c - I  m m  icos and degenerate element shape s indicate

t t i e  s t xt y- t ‘ “a ’ p o i n t  o l e - n o e n t  h a s  tu h o o c h httm id d o t e r  w h i c h  i t  c-an maintain good

~t t ’ e S S  ad - c  t m - t i c - c  - li t to mck ’r t o o  m e - t m ! )  ,‘ t ’  t ° o ec -e  bo e ’net it s many pract ical  problems

assoc ; i t  i -t i c ci (it large’ e’hc-me mmt t ; a t u ’ i o e ’s b’uad to be- solved in  the original PAT C Hlh S— rI I

s vstemn arid the added heu eden cof mat erit i l m ’i e u n l i n e a o i t  requi red si f l) i  la m effo rts .
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, \ n  i - xc m n i i o ; : t t i c o u m  c o b  t b ’ - t ’ o - I : i b i c ’ e o ’ ”  C— ‘ ‘ I  g e - t o o - u  o t i t i g  t u m i  o l e i m o t u u t  ~ t i t t n c - ss

moat mix s. go - u l e r a t  b u g  to o ° I o m o ’ u i t  I ° ; o ’ m n o ; i  I I tm I i - c - t o o t -  I c r  a c-t mi’ b o - cii  -- e t o  i ’b ,oo n m:i t 0 t i a l

rt o o og c ’ t ’ r c c mo o -1 )1 :1 0 - i  o c c ’ em’  ‘ 0 0 0 : 1  o Io- ~ct ’n o hioog on t t O o - ’ L o - ’  i t o - l i t  b os e 1 , 1 0 0 ,5 t i i ’ o ’ ’ o ’ O ’V

b u t _ h i l i t  u ’ ( O t i 1 I t t i i i t ~i o 0 ot  0 , 0  i ,~’,’ c l i ’  t o i  0 l o - : i o o - i o I — c  a m i d  c’_ i i ’ o o o o ’ g ! \  scig~
_
~t ’c -ol h o ’  nc -s of a I s o - t v

l o o t - cc ,o i t i o t t l tt t h mt i l o o m  o i o t o i c ’ u i t t l  o i oo ui luu tettnt iv . ‘s\ t o o - m i  u i t m ’ c - c ’ t  c ; o :ol r u x s o c l u t i c m n  m a t - I l k

:1 0 0 ’ uso’oI , t uui ob Il -i - f ac t ’ ‘ I ~ i t  I t o o o o  i’ c o t  I t i ’- t O t  ‘ o n - t ie’ Ii us ( l o t  - t a t i ’  c i ~ i i ’ . t o t cix asse ni -t

- t oo l d c c c  c u l t  t o  ‘sit joc fl t o n ’  t o o  fl o e t o  o r  ~‘- ti m ’ c i  bo a t’ ! cc t o o  so  c h it f o u l h i 0 0 0  ‘ 0  t o e  t o  t t c  o m -  - t o  l iv

I .  Tbi c ’ c - o m o o t j - ’ o t t o t i o ’ : o , t t  t a o - l o o m ” - :~~i i t m c ’ c c r  ‘ - I  tmum i u t u t t t ml — ti’ c’ss b oo i - oi u u l t i t i c c m i  tim _ C t o t - t o m

c o l i \ o ’rt~o ’ot c ’ c tuoo - t  g t e - t i l t  o ’ ‘- t , m i i o h i t ’ o t o t  t o u g h - — t i n m  I , c o - b -- , H o m o l l o ’ s  i i  t i o c ’  ic -b : i t i , c’

c 0 c oo o - r go’o o c -o ’ tot -s iv h I t o  c i i , - ’ in c  t j e ’  t O t  c ’ oo t t h ’ ! v  - I u ’ t i ’  us l i t  I t t  c - o r b ( l ie- i n i t i a l

sb m g - s s  - o t t c i b t o u c l  o, o, h i j e l t  is ) o ’ t  0 0 , - t o m - I t  o t :o oo t : - t _ b o I ’ , i t i t il - o- t o ’  - 0 0 ’  t i c ’ , !  c - ’ i ) i p o - t b t l v o - . Sl o h j i l i t

c’ i l l  ti 1 t oe -  S l o o t ‘ 0 t o o l ’  -_ oi tit ! c - t  0 ’ : t i O O o - ’ t on i to too - i i O  ‘ oh i o ’ i ’ o i ti toI t ’  to to e v e - I c -  c aut alcc to y s

‘ o o  t t t o ’ !t i t  f l o - c ’o’c , to: .o m c ’ ,

‘I’bmri’ o- 0 0 0 ’  ‘ m l i v  l o u - h o  i t i o ’ m i s  o f  I
~~ m a t r i x  o ’ c t o o : o t i ’ ’ o i ~ : t s s i c e ’ t ; t b , - , I  cc’ i 10 ,

t h ’  i c - e u 0 - ‘ ‘ c l
_
c - i- ot to - I b o o t  t m m u ’  I l a y  0c c -c I to ’  -~ b c -  10 p c- t mt c c i I to ’  r e .  ‘b loc - i t o  I ‘t x  c o  t o t a l  io ns

us ed i the pi e -s c - i t t  s t u c k  t o o ’ ’ ‘ e l y  s i o i i i l a r  t o ’  t t t c ’ s e ’  lO s e - u i  o\  hht ic mic-r.

‘ I’~(\, T)1 C F

c , l i ! 1 1 , t t o ’ ( i , ’ l o  — I - o \ ,  I I ’

c c ’ b o i c b o  h e - t o o l , -: t o  the ’ i c ’cu i ’ s i ’on  - ‘e - l ; tt l t ’ ots

K i ( t , ’i ’ o I I  I K ~~~.T~~- - b-: ( V , 1 o l l ’
‘ 

— —a I — co — t o

[Ic c o . I ’ o I t  V o l ° o
— - to L ‘— — it

‘H o- ps o - co ol ’ ‘-[ ‘‘ i - co t o - i ’ m is o u t  0 t o e d l i v  o n t o - - v  i~: ot  00mg the- - : 1  r :m i t oc - i i” ” t cy c le  n tmgt o inst

t h u  o h i f b ’i n o  ig  o -  in h t c o b o c o ’ t i  m d c  u — t ’ o ’ t ’ g t o o  I -  v i o l ’’ -  - ‘0

( 0  1 h~ ~~~ 1 ° ~ 0 \  (1 3 0

\\ t O ’ i ’ m ’  il J ti ’ t i t is t c c i ’ oims iii ’ ’ ” I ‘‘~o m ~ c l j ,— ( ! i i , i o ’ i , : ’ t i t i - - I ’  i n t o ’  c — l o Ot,- .
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:\ s e m t t i c ’ io - uit e - o o n o h i t i o ) n  l o i n ’  c -m c n c ’ e - m - ’g c - i o e e  ‘ o h  h oe- une - thom I int ’e ’r re ’ o i  11 cm l l a v u i c - r ’ s : o u o t e i v c -  i s

is ( loaf  k ) \ ’ , ‘ l i t  mio o usl lii - 0 0 0 ’ c t i c c t o c n i c  in \‘. It s b t u m l o l  be- n i t - I  t ha t  in i i t t t t c t ’ i : e I  m u o ’ o ’ b o ’ l , c -

c ; i t h o  i u i c - [ t t s t i c -  c c c l m m u ’n e-  c - i o t i om l , t _ o - s , i t i c ’  hod ’,’ l 0 0 0 ’ t ’ e S  I o o i’  t !oe - u ’ m m i a h  s l i ’ e ’ c— S h t i ’cc b,lo flts cc - ill

to  Iso e ’I mam i g c - . l h ’a ’se ’ e ’ b o tu ino c : m t i  In a c e ’  unite- cl foom’  ill Q by using t h e  me -c - h t i n i c t i l

c- t t r t i ln s  in !-I( ~u a t i ’  o ut i I 3 . i ’ hic ’  l i i o ’ i i t ~’ oi  c x p o - i i e ’ u i e ’ o  to e la te- with t u e  m e’ t b i o md !tt os en ‘vt - I

c t i~o i , i  O mi t  o ’t’ g ’o t c ’ o - . ,-\s i i i  ‘i ’ c ’ e ’ i o t O O h o l d X  b u r o o b i c i o l s are a t te - inp t e i l , it t o i t m y  he oi c -c e -sstilv

I ’ ’  u t i l i Z e ’  i t t - o r e ’  o t I j C t d i t t  l ’ d c ’ U b ’ s l t c u l  i’e ’ I ’ i l o ’ ’ t e - . , \ n t c t h c r  m a e - h o o c h  t ha t  w t m s  c un s i o h o ’r e - d

iii l I m e ’ s t e m o b y  c a s t s  t h e ’  ~~~~~~~~~ iii  P i t -  t o o i ’ tii ‘ o f  to t i m - s t  co m ’ c l e - r  eh i f f e u c - n t i t c l  equation

us  im o g I me i’ d ’s i o ! c t t t l  ‘ o - o - t c o i -  f ~-m ~~ -~h Ic ’ i-: to o l n un 0 1 I c .

U — I ”~ft’ 
J (~ i I i ) ; )

i~ d
~~~~ _ = 9 ,  a 7 t

‘rite- cho o t  in d ic a te -s t i  ( io u 0 b o ’ o ’ j  - - t t i ic c’ w lo o ’ i ’ e- ( j ulie - iu ie -r eu i te -u i t s  t i r e -  s\ ’ u lo o n ma r tus  cc ’ith ’u

l o c t i o l i m i c -  ‘ c ’ :  t m - t o  I-c :it )oi the se-ti Lt m ~~ ‘ i t ~ e ’tlu lV tulL’n t t oo tifl Ove r— r e lt iXat i or i  f ac to r .

Sin e - k i m , c t  al.  use t h i s  : t h 9 ) i - c i t i t h t o)  0 lm i ’iVe a s e l t — c o r r e c t l m o g  pi-oe’eciure that

‘,c’o rke -o I very  we’ll in t b t e - i m ’  n o n l u m m o ’ : t i ’  on t i t e i i a l  topp l ict t t ions .

3.3 Mat r ix  Solution

l’ b o e ’ t ,hi i’d m a l  or corn ~)U t i o t  ionto l p 1- c o I j ~ m mii  t i t l e ’  1 ch a t a ge lie rtition and rn atrLx

gene - ration it- ni tot o-Ct s o - l o t i o n . Th e- else’ o c t  t o  ( 1— p c o i n t  fimiiC’ eEc- inc-n t  lo-t i e ls too niati- Lx

o- uu t i t I t  ‘f l t -  t i o : o t :co - c  r t ’ l ro t ic ’e - lv  de’n~ c ’ . It is not u nusual for ole mi s ities ‘it
’ 3 - o  percent to

occen r in u i i a t r i c - e - s c c c l i  u l c e r  o I l  o o o e ’ o o s i u u i  1 ’ ) uOio . The’ c i ’  i g i n a l  l inear co nI c ’  d e- c’ o-lopment

- - concentrated on t t i o °  I t t - i-c t t o ’ coui lpul  t t t j o  c o o t t i  p r o o h l e o o o s  and used e x i s t i n g  I N ,-\STH A N i

0 , 
mat mix u- °outin e-s to so c I ’ , ’ c - t lt e m a t r i x  equa t ion s .  As i m r esul t , t he- Syst em)  is c i t R i c  ‘l ot

t ou t’ pi’ ohlo ’t i is  up I c  m h o c, o i t ol i Ill(uisi c i ) 1000) a n o b  ! o o o o s o - —c e— ff ic ie nc ’v  l o o t ’  large-i ’ m i o t i t r i c ’ c  S

unti l  cc- ent im all  v s atu rating t In - c- u rn pu te ’r . Th e’ no o” too solve’ s irn bi n r iii mension

n oni i f lc t i r  m a t m - i x  c ’qU at io c fl s  led to ) a choimi gc to an ite r t o t i c ’ e’ - c o ‘hu t  idol ) me t ho o e l  . The’

advantage ’s of t h i s  chan f ’ i -  ar t ’ 1)  d i m  im i ntiom i of I to rg e- unt ot i ’ ix t i l e - c - i . 2) fr ee-d om f r m ’or m i

c- ocuin, ’ o - t m c i l v  1 01 i o ~ u t  b i t  prol oi e-u oi s , 3) i’ -lativ ’Iv suitall c o l t ’  r e q u i r e - m o - t o t s  tool’ largo ’

p t ” t h l o i t o s  and I t  t c o- t i -,V c’ec-t om’ I o i ’ O c ’ e ’ s s u l t o t , Tho et d i s to t l c ’ t i n t t i g t - s  t i t ’ o ’  b 000t -sib lc S ic  ccc-

conc’e c g o - n ( ’ c  - a ni , i n i i n i c a i  j o r u ho l c - rns .  N mul t ip le - —lo ad Co no l i t i ’ on t - t  tire - N I i o o t e - s  to t- ,

- 
- o - x ! t e o o s i ’ ,’ o-  0 5  O i f l ( , ‘I’hic i t c ’ o - t i l ic - o- me- t hoo d  s e - h - c - t o o l  u s t b i t  i - o o u t b o f t : o t o ’  u i -a oh i c- nt : o l g c ’ v o t o c i o i

0 - 1 3 -

0 —. • F’  —
~~
‘
~
‘ - -

‘ - ‘ - —



: 0 0 1 0 i i i i  I c i ”  op e n ’ Ic  e ’ :i l i - o h  e u o u  c m i  l i i i  t o ’ s , 0 0  t o  c o i c  o - i c . - -
~ t o o i t o r  I o t t o ’  u’ ‘ ‘ c c  i t - c - ,  ( bo o n b I t  - ‘ l i i ,  c -m it - I c ‘ uo

of  I hoc t o o  i t  n ix .  H o - to ’ i t b m g t o o  I - ’  b u t t )  ii cmi , I ’  - o t o u r  I I to 0” - - t o  i~ t i  I I t

0 [ i t ’  1

I ‘
~ b ,

— I I ‘— t  o —— i

-1 0 1  0
0 ,~~I ’ - 

-

c c’ hi c - i o ’ t b  c n t ’ : u l c -  vs I . t o o t ’  t o

2. 
/ ~

‘I ’

H 
2 

- -t~ t i l t

This  is I t t c ’ I t r i o  ‘ , o r 0 0 0 0 0 0  of  l i i  - to 0 o i’lth;ci t i p i n ’ ’ c c i  t b ’  1 t i i t t  t ‘n - ci I” 2 t o  t t ~ on ii l b .

I t  is  t i s - ’  ; i o c s s i i o h o  ( c i  L O S t ’ 1 1 1 0  i ” - t m l i t t o t tr \cl’OiO ’ fl - c i  1 1 c c  0 0 0 ’ l t n m i i  I ’ -  suh’ e’ I , t t , o 0 0 ’ ’ i l

1 : t t  o h b t ’ et ’ t h V .  I i i  t h i s  o t o s t - , is thou s o m i t o l ’ o - ’ °  b d i c s O t l \ c  o ’ , o , t  u t  ~~T~~~1 t b o , ,

e L’~ I o t , st  o ’  ~Pt ’ 0 ’ ’  ~‘i~~ ’ s i t O  - 0 o  i~~ Si i c c ’  ‘ S c - I  t o  - m i t ,  ~ O ic t o o t ’  - l i d  ‘ i t S  t umimb t t  - is  ‘~ t u s  ‘ h o  ‘ t o o  -

[tee oil ~oo p15 0 :0 l l  ‘ t o t -  t l b  c ’  t oo -tic o l g’ o u ~ i t  i o n  i o ~ T )  c o o  i ; ’  ‘ c - i t o ’  i c - i t o ’  cot ! p °  t i t l e - o t i s  cc

I O t o o i - ~ :t lw t o ’ , ’ c-c c ’ ’ o o c c ’ t ’u o’ ,! l o u  u i ’  ‘t a re - c- i t ’  less i t o t m i t  N ’ 3  i-ye - Ic’ s l ’ i ’ I ct (t io lC1005 o o [

t l i o i t o - i o - — 1 o o to ‘,‘ 3 o c -  t o o  0 0 0 , 0 1  2 000 0 00 . ,\p ; c l o c ’ t i t i o v - in t i s- i i o d t , c ’ t 0  s t i t o l y  i t o , o -- ‘en t o o

- o u t  i l l  ‘ ‘ t oe  ano l  t y i ,  - t o ‘ 0 0 - 0 , 1 - i b i s  u’ o ’ ~~e i i t ’ j o lg  ‘2 e t c h e s  f o o t’ ~~t ootilt t ” ts-ouo’ t,ec

EIO t e ’bc i ie ’V I- ; to Is ’ ’ - -  t ’O t t o o t I ’  n 1 t b ’  o ’ o o s t  p u r  cy c le  t o i t i l  I t I c -  c’ I ‘ - c i  0 E t c

c o- ct ‘“ ~u c o c~e c s  ig c - i t  i e i o ’ ; u l ’ v  d i i  ‘ - i ’ l c  t i i f toc- e 0 0 0 0 p u t - - 0 ”  Lc I t o - - t t c o ’ t o t l ’ s i  t m l g o o i ’ i t b o t o u .

b o o - C u~ 
- o ; i ~ ’ o t t  c -mu - o~~ to t o ,  c o o  ‘ j c ~~l o o ho o f c ‘t o t h ~~t t ,s c r y  c l i  i t  0 , - t o t I ’ ,  by I t  —

t o i i ° ,- a n l t o v  e ‘ h  - I l l 1 ‘ I i -  a r i t b i t n c ’ t  m o o t  c- . U n I t  ‘t - ° ti m t - t o I e h v , ‘ o t - I c i ’  c ’ O f l c -~~~
’. t  o c h i !- , ’ Ito ’ ’

U N h \  -\ ( ‘ 11 0 0 ~~ ‘ I i ’  n e t  Itac’ e’ l i mit - i 0 ‘ t t  i t t  i i ’  t i m i d o c t  t o o m s i ’  0 0 1  I b m o - i i ’  sh o t - f 32 h i t  ‘, c ’oinb , all

t i c i t  i , ’ o i c  -t i c inei i- t lot ’ el i  - o t e ’  in  c i ’  o h I o  
~t i” -e ic - t ’ ‘~ t .  Sc’v e’r tt I tott c- moop t s t oo use liiit c - ,t i t o  - i t ’

t i l -l ° t m o 0 0 0 - i let t o n  t o  l ’ N J \ ’ A (  l i m i t -  \c ’ C’t ’c ’ u t u c - ; o e o ’css fu i .  ‘[ l o t ’  o o b i t - o O i t i t c O i  ‘ i ’ - - s t c — c ’ f l s i t l , ’ o-

t o -  ‘ ‘ ‘and  o f f ’ e r r o r is the -  t o  : m i o c ~b o o c o o i a t i o t n  o t j  ron - b o on e - n t  :- - t o l  ite- to s mtott ’ix to - i -tm g o ’ ’ ° —

i t o - t r u e  I t m i ’ i t i t o t  t o o  l ” c o t t o  l ’ o o ’ i i i t , t .  l ’i’ c ’  l’ m ’ t o s ’ ’ i i  IS b o o -  1:0 g o ’ o i i l o ’ m - t ’ n ( c ’  in olu ~- t oi , u g moi tu clc

o i l  o I I - ~ ; o i ; t i  o - m t ’ m i t t - o t i m o o l  , ! i s~ o i ; c o u ’  m o n t  ml ~~i ’ic’:olii ’o ’ . c i  ~~~~~~~~~~~ t i l t s  c m i  co t i c  -‘ [cl, ’,1

b uy I r ;moo , h i t i t l i n g  oh i c  ‘ t i  I ‘, b u n  0 001  t u g- ‘ 1 ) 0 0 0 0 0 ’  I - o ’ ’ i it i  I - ‘i toh 1 0 0 0 11) 0 - \ o i ’  I l t~ -~ ’

—‘ ~~ -- —-—-
—-—-—-‘ ----—-- - 

--~~~~~~ — —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,~~~~~
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I’t i c - t oc m t il f o - c ’ f iio ’,~ cyc le c -file- ic-i a - v is the’ ami o ci unt oof (Io ta  transf er.  In the - p r o- c - o - i t t

t i l ) l ) i ’ ’ t ti e ’ h , 0 nh ( hoe-  n eo luc’ ec l  e t c  meri t u i ot i t i ’ices t o i’e- trt t ui s fei ’o ’eel into> c-ore- c -t o t -ho cycle- .

) l o l e 1’ c’ ( ’rs i otu l s  co f I l ie ’ 1 0 1 0  0’~ i ’ t t i ) I  t i’ to nst& ’i ’t’ e ol the - re - d uc t -u st r ue’tu i’aI mota trLx into ( ‘t or t ,-

eac h e-~x’le’ t u t u  I this \c’ t os u u t u t n c ’  t ’XpCIIS i c c -  p i ’ imt iar i ly  because’ t h e  matrix had to be-

wipacke-cI to Ic -c t ’  c o l u m n s  at a tiuiie - . As a t r inge-  ben ef i t  o f  using element matr ices ,

the (latto t i’tiiisfe’i’ lx i’ c ycle- g i o t c v s  l inear l y cvith th e’ num i i he-i’ of e lements  in the’ nuclei.

The to c ’ e-r all eve -b -  c - c os t  th e ’ni g, m o c \ c ’ s at m o o s t  linearl y Since- c c -c-toot processing also

inc r e ’ t m s e - s  at ni ‘st l ine- to n y cc’ i t lu the nun ah e i’ c o t  elements .

A e- o c m i s l t t m o t  issue’ in ite ra t ive  iiie t h’i o ocis is thec coui c- e-rgenc e crite-ria. The

f i r s t  pai’ame-t er  t o o  c - t um i\ - e ’ i’gc- i ii the- e - n o ’ o ’ g v  c c - i th  the m ax i m u m  uiioo du lus d isplacement

compoonc-nt usually to c -loo se- se-c’o u oel . \\ ‘ltc -m i th ese’ Icc 0 0  1)t ~ii ’t t m t ic- t e - i - s  ht i c’ e’ conc’c’o’gecl to

sec’cn places , t he’ ‘it c c ’ s - c c - S  tond st rt o int-o have  t ob i ou t th  l’e’e- — plac e- ace-u r a c y .  ~e- vt ’ra I

aeh c l i t i on to l  cycles al-c’ r e ’ o l t u i r c ’ o  I ( c c  h) I’tOol U ( ’ e s tresse s and s t r a ins  ( l i n t  tug  l’ e - o -  with the

ohi rd - ct  solution t i c  six pIne - c-s se-c- 1-i giu l’c- ° I  anul t h i s  r aises the i c- sue .  Sh ould these

add itional cyc les 1oe exc -cut ct el  tc ) inc rca -ce- (l)( ’ accui ’ac-v 0 0 1 the  I c - t o t - I  si g n u f  leant s t r e s se s

and stra U’IS and pi’n c’ ide- c o  i n s i s t  c ’i t e ’c ’ w i t  Ii el ire-ct so ulu hi ’ in s ‘
,° In 1 inc-ar p i’o m~~~~ - fl)S this

is clone l ) e - c t ioms c -  th ie ’ imic r c-t o se in cost is moolc - st .  I lowev e ’r , in n’ n linc-ar  proo b lems

this  expense is harder  to Ii m ,st ifv s i u o e o ~- t li e int€ -r nia- el i tt tc ’ so l i mtioons have ~~o o  funct ion

tothe-r than t oo pr o v i o h c -  ne-curat e- state’ \ - t l r ia l) lc -s , l ike s t ra in  e - uo c - i - g v , so that  ace- curate-

matc’ i’ial pr op em ’tie -s can bet cn oo’ rmputt- d .
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- I .  I Ct u i ’ h i o o u - - (, ’t i j ’ t o , t i u  I n t l  C c  0 0

I I  c p r o  o c t ’  ~i m g  o ut il ) c-au - Ic ’ c i, c-to t ’ h oom o i r i t o  l o u  - t o l  s i I t - c o l t  0 0 -  - h o c -  i r i  t t f l  0 ) 0  t o o ’ )  —

g io m o t u b  a o m ’ t o c  ‘ o t  ‘ h o e - c ’s i ct -h  b oot  o o o o o - m t  m ’ c g t t c ! c s  t o  c l o t  c o b  i 0 o t t  0 h~~ m - t o O l  0 ‘\  i t t , i b c —

c c - i t  o h t : m ’ u i t a  , b t ’ r - i t ~~o , ’ t i t I ~~~0 i . - i t ’ m m ’ p c - b t t t c ’ e  ‘, ‘o l m u t  e e ’ t o ’ . i i o ’ m i t  f o u r  t b e  n o a — o ’ r t : o l  t i c -  t b t i t , t ’

1 c l t i i o t ’-’i o c t  5, ‘ , i iOt c ’t O t  t o L O  i t - - t o t  do ooc t ,s 5o~~- , , ’ 0 t 0 t l t I i ’t t h 1 ’ o n e ’  co - O t t ! ’ t  c c l  t he  c - o c — e , o h l c o b

‘ : 0 t h  o- cli . \ l ; c ’  ,o ,- ;c ’ o o I c i c ’ )m ’co Iic’ i t t o ’ t ~ b o o r  t h o m  n o t m t c ’ r o t o l  t o m -c eo s t t t i ! i t  b o o —  ‘ I o t t o  a n  t mo, : l l\ c - , i ,s

0 0 0  bloc- c l i i i  I e e l  I cc t b  o t a b o o  u ’no  t o t o c l i ’  c o o  c c c  i b m  so I t o  o ‘ c ’u t t c ’ o o t  I o o o o o o b : o  i’y c’ m o o o i  t i c  c o o s  i s  ‘ h e o s —

c’o ’ t i ’ c ’ el h o’ , toss . ,-\ e ’ 0 0 0 0 S t t i i t l  I m ’ o o P C i ’ 0 0 , ’ ‘ j u t , ’ eb o ,- uio o ’ ott uuooohel --t this C ” ’ O t c ) 0 0 ” t i ( ’  t \ o c’ ld

u’equ i i-c a oat o i l  u n i t  t t  oct v’ighot c’t t’ ’o te’ o c t  to t o u t 1  t ic’ i - c - I  e’ t ’e iic’ e’c h to t t t o  ~~~~ s u sc--tb b - -c ~~O c t  \ ‘ — d’\ C tc

eftn i e ’ i t t s . T h i s  stuote o u o i l l ,  c e l l  c c t o s ’ ’ t o - o t t o - l e e h  c c ’ u t h  on l y on e  y o u - i t oh ~ p t ’ t o c o ’ ° ~~ c t e ’ t c - c ’ m i t

l i S t  m ig t l t t ~ l o 5 ° t m i t ( b ’  CS l h c ’ c - o - ‘ j l o o  0 I c ” rI l e- r. h~ e c i c - 5  0 ) 0 c c - o c t  l o t
_ c c t u ’ , ’ i  l o t s  I c ’, ’ I hoe ’ 0 b c - u

h i i t i i o h °  0 ’ -o t u o m e l  m t , o  r t  o- - n o a e c ’ r t t o l  a cc ’ ‘ i - ~c’i o in  t i i ole - 5 t i m o ’  I to m o o t  o 0 -do i c -I ci t- i c- , I c-c - c  noption

o t I ’ t b O e ’  e u i t b o o o i t o -  i s g iv e - i t  ~~~ t c c -s-c ’° ’° . ‘ b i t e -  , ‘ e c - u h t .  f u  ‘ ‘ 0 0 0  t b i ~~ cu te e ’ l c n m c - i o t  model t i re

t o  i - c ’ i i t t t  o -ka hlv  got -  o il - i y, o ‘ e ’ i u i o ’n t  c~ t t h  t o e  t ’~’ o  Ps  l i mit c o t  ic- i tto )tol y ,Sc’ ~ i c-se- t o ted  in

‘l’t t b o l i -  0! . ‘ t ’ b i t ~~~t too - c- ~c ’\ e ’ o ’t ’ b L i t c o t i t 0 1 0  ,s t h a t  ne- eel t c o  lie t o o - i d e -  i t h m o L m t  t h e s e -  o- e’s e t l t s  t o ’

m t c t c i n t a i n  p e i ’ s p e - c t i c ’ e ’ t - 
- I b c ,’ o o i ’ O i l u i g o c n t l i O t t O t t i O ’e of thc ’ \t eti’0’ t ’ t o l l o w s  t ! t d ’  fllac t-ot s e ’lu !)t c

p nopc’i’toes to be c ’ o ’ 010 0 ) c l c ’ -l t o o l ) ’ , e o o t i o ’ m ’  c - toot le ’ s i 2 o  the compute -c ~~l 0 O i , Fi gcti’ e ~~, o i l

t h e  I ro t -  t i o c u ’ o i o : ’ h  e”- p : tm ’i s t ’ o :  i i ’  O b o e  - ‘ O t t ’  c’i C Olie ’ ltt l’ ,\ [CII !- c - —Il l i t o o o o l e ’ l  sh ows mesh l i m i t - s

at  ~ L t ’  0 , 0  e ’ i i l i t t t i c  e- vt c t c eittv , : 0 0 0 d b  10 )  0 0 0 0 ,0 0 0  o - ~ - 1 m ’ o : : s  t o o  t h e  unit ~‘ ‘ - b I  c a n  i- c , ’seo lt m u

!tt o’ge’ e l t f t e o o t ’ n o ,- c ’s b o o ’ t t ’ ~~’e- o t o h o ° t o ! and n e a t  i i , t o b c ’ o ’ial i 0 c ’ I ’ e ’ i ’ t O ~~’ i - .

( , i y i ’ u i  t ! ! I ~~ ) L ’ O ’, t O ) O ,’o , ’i , O \ C , ‘ o o  c, - - “ e l c : c - c  0) t o o  be c i t - aw n is that \ c o t  ‘ ‘ 1  y t i o ’ i ab lc

p r m i p o o r t v  f l ) odo ’ l i oo g  m m )  , t : t t m l o ’ c-d s c u s i n g  the no - c- se- it t , e l e t o teco d cv oo t o kl cost ~o ’ e ’ t ’  an orde’c oi l

ntt ogm oi tutle more ~~t t ~ i i c - i t  S O 0 1 O - t t i i i d t O d t  e i 0 0 0 0 0 g e  ! bc , ’ m ioe-c ’O oiomos ’t ol p t-’ pe’ ’t c’ . A c,’e ’ oc iRh

t o t t c o ’ c c t iiO ~ eciti cloos o om i s 0 L ’ ! tC L C ( l  to the  p o o r  es ti oit tt lc’ t d 1 1  t i m id ! l c c ’  se -nsi tt c oty l o t

th e’ n l a c u m ) s ’ o ) I t c  io ’op e ’i’ t ii’s to  o - o o i o s t t t u e n b  P t o o h o e ’ c t o c ’ 5,  ‘ l b  pa t ’an iet i’i c cu h i , ’ P i ’ 0 ’ I 1t,~’ t ’t \ ’

modeoli ng t0~ e ’c I t~~i ’ , 0 p , l i i )  P , , o ’ d  P ow = P u l l  Ii  hooum ’mchi uo - \ ’ e’ cin d i( h eo mi ~ w h o i e - t o

tcotd t oo l o t - e e c  li e- h i , t h  m o o t _ u ! , h oot ‘ 0 0 0 0 5 1  i tu ,’ O t t , o t t o  t t t ’ t  l o o s e ’  t i e -  lo o\ ’; m o t c i u l u s  data .

A o- - j o j vi tc’ - - t o O k  i ’ c’\ -:olo- ’ l b i tt ~, ‘I I o\’ t ~N P~ 
t0000 m ’o b V  t i  Icoil et it o n od ‘ o t o ’  h t o i g t t c t o b o m o i !
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‘I ’ abo le  S [‘ n i t  cel l  d in t eu i s n omus  and c- c o i os t i  t uen t  proper ties

1, 12 0 . 7 , C l O  I t . 0, L21 0 ) . o:i s , 1 , 20 u . 01 ,s , L31 1, 02 — 0. I ) l ) ) o 2

~ 2 ’ /,:~ ~l t u b  n ix

H 11) 0:t . 3-1 L~~- l l  0 . 70

N 10 0 ~ I 0 ~ u t -  1.332 0 . 7))

- . i c - I s  . 1 ~- l O )  0 .15‘ 1:1’
- . I ‘—hi ~ . 1 -‘- I I )  0 ) .  1 -To

C x ~~~~~ 

t o  

~~ 169 l - ~~o 0 5  0 . O iO- E3 5Li’
x 10 ° 

. :l T t h 5 . 
“a o l  II  0 . 3 1) 135

~ x . 5 1 0 0  1. 6-1 7 2 .5

~ x 10 . 5 1 - I t o  - 1 . 5 7 1  2 . 5

T” ib e r b u m t e h l e  p r ope or t t e s , re fc i’ e t oc ’e ’ 30 ,

Ta b le 6 U m ) i t  cell  mac rosco pic propert y compa r isons

PATC l I E S — I l l  SAP H U L E — O F —
i i —  E l e m e n t)  ( 2 7 —  Elements ) MIXTURES

Cl i  x 10~~ 1 1 . 7 1) 3  12.  46 1 12.460

(‘12 x 1 0) 6 
. 274 . 2 26 . 230

( ‘13 x 10
_ u  

. 2-I ”-’ . 2 1 - 1  .222

C22 x 10
0 

2 . 2 7 - 1  2 .32 s 2 .340

C23 x 1 0 )  ° . 2 5 1  . 211 . 2 2 5

COO x 10 ° 
1. 5l~ 1.376 1 .416

C-1 - l x 10 ) . S- lb  _ _ _— — _  
~53

— o ;
C55 x 10 . 760  .754

— 6
( 6 6  x 10 . t ;~~5 — — — — — —

“. 1 1  x 10 
- 

1 . 1 6 2 . 7- 1 5 . 7 5 5

x 10’ 2 . c-96 2 . 567 2 . 2 7 1

a :33 10 ’ - i .  ~~~~~~~ 3. 924 - 1 .0 3 9

‘SA l’ r e s u l t s  f i-urn reference 30.
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o h  I l t o t i t e r  cc H ‘ho  i s  c e ’i ” , -c- no n  11 . l o t  b l o t s  o t ti se- 0 I cc , -  
~, °  u - n ine - I m o o  - o cl ‘ o  e t o  c o b o l

t I  t ’ ’ c i \  e ly  oh ~ u i  o l e - t I  I ht c ’ a I 
0 0 1  I l t o ’ V a o u o f  I t te ’ I i i  0 0 0 0 0  I t t  ry  i - o r o d i  O t t  ‘ t t ~~ o i ’ I I c  5 1 ) 0  0 1 , 0  - i t  -

s b o o o t o i , I  h o c ’ t o o l ~’ o ” ; t c ’ o h l ot ~ hc e ’ O’ ic ’ c o o  l i c e - I  , 0 0 ’ t ’ t t 0 0 0 0 0 k - i  b i t ’ cci ‘vt ’ .

t i  tidc li i i ’  c o t  t o ’  to “ 0  L u  o t  i t t ’, (hoc 0 0 , 0 ‘to - - c ’te’ u ii e uo t 0 0 0 0  tote-lit o ’g e ’apt i ! it h o  t~ , t out ,  t e pp h i —

o t i t i  “ o tc l so o u’ t ih n l ’ ,S time 1 5 , t  o f  ~o ’ imh t i v i E ’ , i m i t i l t  ~,O b t i i u o t  ! i t t ,ot l o o t i g  t u i l v u o o  t i c - o h

m o m t i l - t i m t g  to o t to  I’  - ° - s  p ro c’ “ : 0 0 0 0 5  i t ,  0 0 ’ i ’  h c c - t  got  ‘ o i l  - - ‘ in - I be 0 O 0 ~~\ i ’  o t t ~ i o u  u o c u l u t t t  mc i t o  i o n  l i e ’

c - i t s  0 1 0 ’ ,  0 ’ , 0 0 1
- I b m  i i i  I y c - i  s t ’ ’ ’ 0 0 1  t, ot t o o  0 ,  O t t O  m ’ ° o t i o i ’ a c” -- . ‘[I c c ’ i i  o ’ c - i ’ O tO fo to t o  c h u b  i o o o ,  -

( l i t ’ n , 0 0 0 ! i . o e ’ - c r  O c t  c to ’u ’ o t ot c i  - ‘ I ~~~ , I - ’ i t t t i h t o i o  o l b o ,  t ul b o ,c’,’s stot - lo t : , l ’ ,o o c c : o t b ’ o m t  to c m - L ’ f l i c —

1 , c~~’ oI b y  o n a t - , - o t : t  t I c ’ e l  0 0 0 c - c  o u t  t c o t , t c - o i t o l  1 0 0 ’ O t b o o  lO t es c -o o i i c - t t t u i t  w t l b o  i ’o -
~~b to ’ c t  t oo t i  sI t it e ’

t o r t  to i ci t m o t h Ho Ii - I c ’ o m o - o c o  0 0 0 0  i t  l e t  t o e  h u m ’ t  ‘ i  to o t” o~ io I ‘~ rId . I i t -  i t , c~~ O~~ 
O t t  0- 0 ’

‘ , t t i S  - t o  c-c o -s c - IL. Ii - 0 ~~ - ( c t  1 0 0  , o  0~ ‘ O t t  c ‘ 1 - - - t o  - ‘i s t o - c  00 0 ‘1 o c t  t i  0 c -  d i  0~~0~~~’, ’ c - t ’  - c

I .  2 1~ 0 - 0 °  ‘h o d I

Tt c-~ tto O o 1 t : ~’t Oboe’ i o tol i t’ , ‘ci th ou ,- p ti i ’ttti t c-Ii ’i/~atiomt i i ,  ‘[a b le’ :t f o u r  t o o e e ~

ehi m i t e o t s i m c , i t t b  c’ r t o o  b~ c i i t , O ! ’ , Sc t ot . d i i  c - -~~- ” ’ - , :obI ’ , cra e-he’ci 0 i c , F o g l t o ’ v ‘ . ~ t c t l t t c !  by

o ’ , ’ , ’he - ti c-o — 0  t o o -  I ‘o l e - c ‘ o l e ’] - 0, 0 0 1  
“— ec O c ot t o o _ t i  b o o ’ co I w i t  t i t t  t m Ic ’ , - ‘ - - - - t o o ’ - ’ c — c o n  mel t ’’,  t I c  I c  I .

Th is  i t  ~~~~~ ~ ~~n °~ ’ d o t t e t , c -~ o , ’ ’ t t l \ e - u ’ s i o t o o  ~~~ ~ e- h~~’~~c-’ ~b c : o 1 o c ’ ’ t  u t o  t o - l o t c ’ i ’  c ’ i c i b i

0 ’r t n,-k m i o ’c h ,l c, ’ti’ °, ‘ , t t o i~~ c cl , o t Ic o t c so!’:tjcm t ’ oo n i t it0 c~ a c - ; q o : c l ’ i - ‘ o c t  c - I t  t o t )

The t c d . o c  e- !emeott [~ \‘~‘(,‘b j 1 S ~ IIl 00 0 0 l e ’ i  shown in  l - ’ t t ~c i ce- 1 0 0  Cis c - 1o ’m r : t t t t e ’ l  t ’ i ; t o t i o o i i s  I t -

the toxi c ’ and t ~d m a i  di rt - - t o  - I t t -  iha~ iflOl ‘ i c ,  C’ tO - - ‘ 0 , i a u - . ’ ‘ o d o o t  - ‘ l i’ t i u t o  — i o o g u l - m u i t c  . c \ t o o ’ r

do t ’ s b i o g t u l t i t ’ I t ’ o m t - O i l 1. 1) c - t ’ ’ l c e - I ’  0 1 0 : 1 0 0  / t o , ) ,  i t -  in  toe ’  - P - c - t e - i - ‘vc ’r t O t ’  co -t ’ -k b t t - , ’e ,

t hic , c f o rmal  , ‘,‘t~o o5~ -~ic -~~O ,!) t ’ c t ‘ ,,~ 0 i s

/ i t  t t i  c 2 ~~ 
_~~2~ t 2 1

w i t  ic Ii h o - t o o l  h o ) c’ t m  o - t e  0d ’ 0 , , I ’-~~ 0 0 o ’ , - 0 / I

U , r °° ‘
~
, ‘i, c

- - ti ,,

‘ ,
~

°‘ih 01 , .  o 2 2 o

‘,c Iow’e  r - 1-- Z
~ 

in  h ’ s  c !e-o u ,con t to o t h the ’ e o e o o o t t : - , , ‘ o t , t l o o ’ t ,  u o - c b m o ’ t t l e - c- t l o t l c ,- t  c , ’ t , t , 0 0 0 0 0 0 ’ ,

‘t h o u  0 0 0  0 i c  t wo o ot im i o u  0 - S  c~ t h e ’ fl2 ntti’c m ,tt ti e’ j oke ~it xho -l 0 ‘ t o  I m o e - n i t  no  !e’toO 0 ’ fl 1 . 0

1 110 c,~o ’t o n o c’t t~ , t i o ) O l o ;  0 i ,~ t i ’ i  V i t o !  c o  ( ‘ O f l t - I  t ’ u’ ’, ’t t o ,  algc’l o ’t ii m ’ c ct ~ ~ ,:t cc , ’°  m ‘ c  f t c  c ,o to t m o o d

~ 
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2 . ) the  dc ’  m e - i t t  d i . s 1 , i t o c ’ e ’ m o o e i t t  I u tn c t i eo n s  i t t  gc ’o )m m ot n c  t u r n o u t  have u ,~ (1) to s a uiodal

c-a r i t i h l e  wh i ch  is  o i l  rce ’ t t \ ’  r e l a t ed  to [toe stress intensi ty fa d oto t - . ‘t h e  c’o t e - f f j e -  i~~ i c t , -,

fo r t t oe ’ t ilg e him t i i e ’ ~5 , amid  ge - to n ic - I  c ic ’ , B~, rep r esentati omis ott ’ Equati on ( 2 1 )  ace -

si iui p lv

5 i t , 5,, ~~ ~:i 2a , S i t  o 2 3~

amid

l o b  ( t ~ I t ,~ ~~ 13 0 2a , B 1 — 0  o 2 - l i

The c’ ciioc - t m l ucti o t mo cot the c- m u m i t p lete g o - t o m o t e t  i-v model lo u -  t h i s  problem requi red six

g r i o l  eta rds , Icc c c  l ° - \ ’F C 1113  cli o e c ’t i vet -t containing o t n l v  four nom ize r o B . .  each , and

Iwo I I  l~ I~ oh ~‘e’ c ’t j v e c - o , H o  c i ,  e v e r , t i t u s  c - t o t - o i l ’ ,  c o o n - c t  u-t ie -ted model is capable of accur—

t u t c - l y  m o - n  i t  - - ‘ “i ti oo g ‘ I c ’ t o  ~ bolv  dc - I t o  ruot c ’ cl g e o u o o o c t  i v , l-’ig~u re 11 , as the crack opens

cinde r an : &xi t i l  toad.

Co mpa t i  scm -t c~ c - c - t o  t o e  I~ m ’ e ’semlt so o lu l i i  on t imid  t he  ( c’ekenyesi — Mendelso io

solut ion , I’° igo i  i-c’ 12 , sltow go 00( 1 s I r e - to - c a g u c ’ e ’ment.  T h e  s t m - t o i n s  in  J) ,\ ‘1°C Fl i -:s- —ni
ace ~ ‘ ‘ oul o l om ot e d at the I ;tm imssian poit)t s amid thteu ’i t u t i n s f o rni ed to the one—thi rd p o in t s

who l e - h : mc - t ’o e tu t t s  l o o m ’  ( hoe  I i  i t i  be a m p l  i (t ide  stu-€ -sse-s at u- - 0. The stress i n t ens it v

facto, c couiiputc’il b o o  rn it ,~~ ( i t  of th e  clen iem ’u t conta i niu ’ug the crack face is 2. 5 7

t j  g 1ie’ r - t h a m o  ( b oa t  for to o i o o f i n i t e  di o ote ’n sio n bar  c~’hchi is slig h t l y  closer than the

(;y etkenve ’si—Meu-udels oon r’escmlt. The displacements ar e also correspondin gly closer

to c l a s s i c a l  t h au t  th~ i rs .  The’ pa ramet r i c-  deri vt ct i~ ’c- eo ,~ in the present model may

provide a o,- oo oyc -m ou eu it chum ttctei’itatjon of stress t o i t e m i s i t y .  The issue would depend

on i t s  behav io r  cu n der  admiss ib le  reparamet r iza t ion s  such as those in Tab le 2. Since

in general  the stre m’ugth of the singula m - ity is unknown and c hange s as a function oo f

material  an i s o t  u ’ i u l o y  A carpet plot i t t  the  r ad ia l  s tr a i n  t -ornpon ent  oo ver  the

(Z 1, ‘/,
~~

t p lane , F ig co me  13 , shows a t ic - ta dependence in keeping wi th  the- elas t ic i t y

so lu t ion  wh ich  c ’omoi t t i ins  s i n  e Olfld c-os e t e r m s  in the  s t r a in s,

- 1 . 3 ( rap hi te  Bum -

0 0 0 0  -S u I t - u’ ti e-N I the’ appltt’ t ot io n ott a stress— -cl rain s l a t e -  vari able nocoo he - I t t a

con t po s it c  mt ito , -u  t i !  w b m c t t o t e’ i i o c l t i s t j c  b e o h a v i o t u -  is known to eh if l ’er o- igni tic a uo t ly from tha t
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c i t  m o o e - t t o  I s .  ,‘\ ‘1 - I — S  m o o  1 h t i t  c ’ I 5 ‘ i c e ’  s c i c ’  I c  e c U  c ‘ m U t t  tote! o b  5 0 u i e ’ l t i c - t i  o i l  o t t y t  c c l ’  t O t -  h o e - t i

u , ’\ ( e i i s t y e ’ l \  l c ’ t m ’ o l  b o y 0 , o O L c c ’ i tm h j ito x iti l at ic i ( i ’ u t t x i t t ! St m s - c-s - 0 ; 0 O c ~~ . i ’ m  I , t c ’US c !cti i’t i

ott I bt c- oil till Ic , t o l  ( toe 0 0 1 0 0 0  IC’I O c t  i ’i’ h )  o ’c-~ e -im b t o o m - I t t  - o u t ’  bet c o o ’ ,  0 0 , 0  m o O  0 , 0 0 0  0 t i n i l y  1 0 0 0 0  o u o c

u t ie ttt bc - , to c -to - ce- cot I t y i l o ’ o o - t t i l i o ’ c” i t o I c o c ~~~ o c t c  coti s sc - I c e - t o - I . , \ o  Iti ,- - - ’ oc ’ :t b p i a c - o o t ’ u i ’ ,

o c ! t I u c ” ’  c y 0 0 0 0 l  l o t ’ o h - t o t  c c c l  b o o  I t ’ c-l t os ti o’ it v s o o!t - itt c t t t b oor b i v o i u ’ o o - , O : o t t c  u o t t i h i n , o .  O I l s

‘ooa te ’ u - i t t I - hoc cc c -c  o ’ o ’ , i s  qui t t , ’ 0 o o o , t 0 o  ‘c- ,o 0 c c c , ,  I c - u ’  h ’,’c h o o t - i  t o t  i i ’  c - c o  i t u b o  i ’ d ‘ c - S i mm t O o ’  I t I me’  1 t t t u  b o m b

m ccc h c’I I ’ o r  A b - I  -S I l l s  t o e ’ - I ’  u t  o ° c ’t ’  t o ’ - ‘ ‘Itt t i  0 ‘xl o o ’ i ’ t t  ‘ I ’ ,  c e c l l , I t got ic’ 1 I . O t t o ’  c —

veo’ se ’lc i s o t t r o o t t o c ’ g m ’ t t ’ , 0 0 i i : ’ b u t t i ’ , m b o t o i ’t c ° c’c 0 . 2 , 0 )  j m o o ’ loe ’ c- I , ’ ,  , . i t  i t o  t oo-i c o ti c - l o t tioh eoc h Io\

n u t tmxi t tl l o o m - c - c ’  ti tu d o- \i e ’ ct ’ : ’ p m ’o’s slo t 0 ’  I t i  d o e  - c ’ o ’ ’ c- t s .  ‘ l b  s t i ’ c o s c - — t o t m , o t t o  \ ‘ co l ’ 5 0 0 0 0 0  of

liii - B t mo o I c ’  1 ito t toh el ‘,‘, t0c ~ ‘ t o t ” ! 0 0 °  o 0 0 0 0 t 1 o - i o O  t t o c  c l i ’ t i  t o t  I 0 t i o  t e -  I l  tis SLim it ~g ‘ - i  c n , -~l t o o t t

s t r a i n  o ’t itiOS cc t o m ,  :~ i t -  - o c ’ i S j ~~ I e ’ c c t Ov i tO 0 ° c ’ S t o o l  o c i  o c - ’ o t i l t - . l I , c  i t i i ’  c,-kms tu c etci tosL&t ts

tit le ! F b O O ’  ( t ie -  I ltotolo, u t  ‘ c c c o o ! o - l  , o c c -  gI v e , m  i : , o b ’ l c  7 v h e - r e ’ I v ‘ o e m ’  sc-’ go ’ t c u t i  cli i’e -co t t o oi

c’ool o c e i o I e ’~ ii t O o  the e-e ; l c  o ’ h i t o e ’  ‘‘ 1 t !oc’ c , O  r , mmu o l l h m i~ t T l ) c t e m ’s l i t ’  
~

‘ ~ 
~~~~~ ‘~~~~ in ,

‘2 ~~~~~ 
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i b o o ’ c-c c - ic c-~t iui t O t e ’ ’ o ’ O c t  , t c t ’ o c u h  t u  ‘ o t t :  , ‘ o i j s m t m l  c i t i t t t  u flr ’boict1oo ~ 1 : c c c oc t i s t t100 t multip lier ,

C °° , cc i c ’r’ c’ ( ‘ °
~ 

0 O . t , c  b~~o t ’  ,-\ ‘I -i -5- ‘floe- ‘ i c - c ’  o o t  c’ o o t t l tt ct t s t 0 ’ O t c i O  l’ ,tt, ~~S iO do e  t t - ’ t o a l

t c ’ i , o o c i o  o ’tooig e ~t it cc - e’ c- ti _ c sl o t- - o s  m ’ ~O t u : t s  C o o t  t i -  I O o O t - , i !  to t e cot , l Cc c l e - V o t o t o ’  c - !t~~htl~’

t’ roun ~- 1 h c u t  t 0 i  d i C e ’  eec ’,’ O s  ,~ o o t t t h j  c - c e o  up to  “ , - ° . ( I t o - I  tis I t o -  m c  I-I olro o co ’ t t tt ’oo t c ’to ,

I t i l  ‘ I t ’  7 ( 0  t i ] t ’ c O  t c- I O t t  1’ o c t - i O u  m i n i  c 0 0 0 0  c - t a  n~
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,\ 1° ,\ ’ I”_ ’ i h  1:5 -— l u  i i ocud e l  cii ’ t im e ’ gage- s e e - I t o  c o o  c o t  the -  t e s t  spe - e ’umett t  cc ti c-

ole ’y e° i upe ’d i u c i mig [hoe u ti at e’ u ’ i t t l  c-c outs t a iu t s  l i-urn ‘ i ’ able 7. ‘l’hc geo o u t m e ’ t r i c o  St  0 0 0 1 m b  c u t ’,

ti mi d t u ’ t imu ~tve ’m’se i st otut u p V t ol loi w e e l  to s i m p le t o n e -  o ’ l e n t e m ut  s v m u o n o e l r v  model oi l a 3 oi ~

c-i c -g o ne-ou t  o u t  t Io ha m ’ t o  b e ’  u c -i e ’ c h.  -\ si t o g l o -  ho ’ ,  of x -os t at ic  load cond i t ion  of ’ —I k su  cori i —

pi’ess i t iu i  W I t s  ttmialV/c’ (l U o 4 i u i g  t k c ’c’ t ’ss i ye’ elastic sutci tiouts 0)1 I- .quation ( i t )  stt i d ing

fr u m it  the’ l inea r s u h u t u  oi l . ( ‘ col t ’, c u ’ g e - o t e ’c’ c m l  the pseud t o — I  0, 1 - c - c’ metbo ex l was rapid as

1”igu m - e’ 15 i l l u s t r a t c o s  t imid  t ime ic-su iting straiuts arc i i i  c cNI agreement , 1- ’ig~i u - e-s lb

ami d [7 , wi t b o  - J o m r t o o o ’  c ’ s b e-s t  u l t i t t i  . In  I b i s  par t iceo l a  m ’ pu -oble m the exact stress solu—

lion is  ki oowmi t i ’ cu u o’ . e t -t o oll i b Uunt e’u ioo sic lcr at io u ’is and the i te -ratiou o was terminated wh e’n

I l I e ’ ~-tt i - es - c c-s We’ cc’ cci t t t i  ml nu t’ 0 0 0 ’ i- c - c-mi t  of the c’xac’t sojlutiom ’u . ‘l’he com ivet -gcm ie ’ e ch ai -  —

ac- to , ’ r i st i c s  of se’,’ot- i’til h o t  ci t e s t  0 m g  p a t - t o m n et e  o-s at-c shocc n iui Table ~~ .

‘l’a iole  to N o i t o  I i  mte a  t ’ s o o l t i t i  c in co ot c - c- m g i-i R e d ata

__________________ — - 

I~oote uotoa iCvle I-:mie u’g’v 2 ~~noa,x

I) — I O U ) )  — . 0 0 00U 1 .1 . 7 ’i37 0 .0

1 -37- 1  - . 000173 - 51 c-P 2 . 3 3

2 — 3 c -  IS — - ‘0 01 lOb  . h335 3. 52

3 -3909 - - 00132 . b-s52 4 . 17

-1 — :ou-i  c- — . P0139 - 7171 4 . S-I

5 —397 0 )  — .00143 . 7 3 3 1  4 . 7 5

— 4 ( ) 0 0  - 7337

4

The computational performance of the model on an CNI\ ’AC l i O t o  was

good , taking less  than one minute per pseudo—load cycle for this small p roblem and

should be better on a parallel processing machine. The number of cont ugate gradient

cy c l e s  required to maintain constant solution accuracy decreased with cact i pseudo-

load c - v t - I c  b eut not cl t - a un ati - a l ly .  The ori ~~ mial l iu o e a r  so leot iom ’u sta ntim ig fr om zero u - ce-oh

7-1 cv c’ le ’ s and the l a s t  solut iou t  m’e qc u i red u-I cycles . The t i me requi red tc c genex-tit e

each cyc l e  was m t c ’g l i g i b l e  in  compa rison to the niati-ix solution c’ios t s .

— 23 —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _-- ‘~~~

-‘~~~~~ k- -



- - --  ~~~~~ - -- ~~-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

5. 0 ( ‘ i 0 N (  - t , t ’ S I (  NO - ,

‘ l ’ I t c ’  e ’ o o o o o i i c t l t i t  I ’  o t t o t  - c — b e - r n  c b c - ’u ~ :occ ’d a c t  oho -c’ c’Itope ’o l j u t t itu s c - t ’ i b ’ ,  c t t c -  O b o e

I I C M I  oili l y Ito c i i  i t ” ’  0 0 0 1 i t  i S~- ’ f l i t ’ - ’ 1 ‘ 0 1  1 iii t i ~~’tl i I t i b  ‘ I i ’  i t  o t t , ,  c - t i c  0 t o c t  0 1 0 0  O c - t  t e ’ i i  t i  t e ‘ ‘n 1 0 0 1 0 0 ’  t c

t i o o o h  app e’:irs t ot C o c c i  thoc’ e ’ I t i c i c ’ ! o ’V to t mi oteke ’ il _ c- ot e’ I c - t o c - t h o l e  ii  not p m ’ t i u t u  m l . It

c c i i i o ’c’ ( l O c O  i c -  a t l oh i  t i o mi o t i  i t -  oc - t i  C O t c ’i’ t o o - o h  0 e,s t l o g  i t o  t u c a flc ’t \ c t  app l u e t m t i  0 0 05 l o c ’ b o o t o  -

t b tc ’ e -f iF’ ie oic ’v t o t ’ Cot ’ sy s te m ’  e t o n  I c b u l l y  e c - ; t t t b i l i s b t e d  b i e m t  [ t i c ’  b a c - o c ’  c i o - c - o g o c  I ) h t t l °

So) h 0 0 0v Se-c -tots sueo ute l ; o c t i n t e l y , co lIc’ !’ o ’ o , i o i ! i t c t e - l ’ S  t i m e ’  a u o t o o e ’  l u k e - i ’ ,  oIe~ e ’loopno e -o t

than let t e r  uoume’rictil 0 c c - I oc ,dc- . ‘l’he i _ c - c ’  o c t  -o t u - c- c - c -  t t r tm - ti m o  s I t m t o  c to t o  ~dj l c -  mc” lc ’ m n g

is e’ e m t l i u u l V  neot mie w b u t  the ’  c l o ’ c- o g t t  m o b  c o m i c ’  stt t i tI:ii’d 0 , 1 0 1 0 1  t c j r i u i L t t t o u r  to c ’ i o t i i ’ c’ e ’ J t O c — S

mof oi iatc m -it t , l t ioo th t,’h s  i s  to cotep t o o  m ’c’, tt i - c l ,

‘1 1w ui tt i ’,o c h o t c t ioml o c ~ j - ,c o ~ i ; i  i ’ : u t o t c ’ t c t  c i o c e b e ’ l i t , i ~ l o o m ’  u itt ,tt c-t ’ial I 01 ’oO Pe r tm t’s as

c’,e -ll t t s  ‘ge’u u o t e t i ’ V  1 ,—i _ o i i t t t ! t e ’ o ’  t o t i t t o ’ i ’ I t o i t t s O l o  i s ’~~ ’ , ’ s o b  h o ’ , C ot ’  vat — m a l c u l o t c ’ c o t  e ’ o o u i o p o ) — U l e -

m t t t c n m t i l c-c . 1 m m  c-t ic-h i m l s t : o o i c t ’  m e t o t i ’ o t i c ’ o h , [b e’ i ’ c ’ s c c h t c -  p r e’s emo te d a r c ’  to bc ( ’~ i n o o ~ot g cc o t t o

n iu ch  : m ~h h t t i o i t : t l  cc c , o’k 0 - o~~l c c c i ’ c’ th ce t o t d ’  I ! t c ’  t i ’ i t t ~~o t m l  ci ’ c e ’ hti c - ttc h eh l i t \  i l  i t l  cooflip cislt e’c-

iS  c ’ toe c i t i ip i t c’i c’ t_ t c h  by  t h e’ t u , y ’, u i l a b c l o ’  m o i co o le l s .  1 l o i s  ‘,°, mo m ’k  c - h i o i o t l d i  i u ’oeo letd e ’ :

I . \ I ,~l t i ax i a l  t c c - o o u t ’g p m ’ ’ c gu ’ :i o o o c ’ c , sot c’lI as b o o  t o t c ’ o ’ , l’u r  o th o e r  t h u e - c’-

d at casion a l  e o o o o i p c  c c -i t  le ’ to t I  t o t  i t o ’  ‘ I U (Ic ’ c-’ a pa t a I l e d  c o o ui’p i tttt mtoo ot t - mi

4 niode’l chevc-Iccpmc nl- ci foot.

2 . l : x t c ’ o , s i o c u i s  to iut cludc ’ inter stit ial slip cc 0th t i ’ c , ’ t o c i t i  i t  h itoo tm te ’ rott I

i n t e o ’ 0 0 1 u t ’ -i . Thus  h e h a v i o m ’  io i l ’ o bo c’ t O ’ e i l t l c o i ’ Ce b c ’o c t oi p o os i t es O S  ifli —

o n ’t t miIt t o o  I i i l  c t t c o b ’ c t t o o o , h i n y  of oo l i c ’ m’ o ’ I  i ’ t o i t c i u’ t tl  c ’ t l c ° c t s  on t I c’

{t u i l c t r c  o o l  t i l t ’ -~o t’ ’ t o t i I o t i - l t i i S .

‘3. Dcvclopu’ncuit tt l a1tc’o’nati~’es to p to in t t4o’c’sse’S arid strains as to ,

measto re oi l ’ c o t 0 1 0 p o i s i  te mate rial response b o o r  s l rc ictui ’al  app l i—

c’ ati c ” oc - ,

t . Developme nt of r epresentat ive V (olume clement models sui tabl e  fo m’

muiel t c-tloc - i c c- b lo t ’ , i ou ’ am id fa i l c i m ’ c’ t ha t  t t c ’e”o~ti ot t o o t’ the t~lat is tm cal nature-

(i f tto o-e e—d ii ’ut eoosi om ral o ’ o c o t t p ’ c c - i t c ’ c - .
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‘ l, h t c  pm’ o’,,o, u ’ : m u o o  om p d t o t e ’s f u n  n c o n l u o e ’ t o  u- n t t t t o ’ i  al mi o lot lc- lomug out I’A’I t ill- I S— Ill

\~~e ’ O ’ c made u t s i m i g  the gt_ -ote- u ’ t o h o i e c h  p os t p o ’ c o o ’ c ’ s sc c t ’ 5’,  - t t o ’ t o o  (, l° (  c t”° I I > . ‘I’hus c-ystcm it

i u t t e i ’ t a t ’c-s w i t h  PA ’I ’C l Ih - :S — I l l  t h i ’ o t m g h  thu’ec f i l t ’s :  I ° I ° D A ’ I ’A , I N I t  I ’ amid f t - \ N I X M I 6

i - m e - a t e - o h  m i u i r i m i g  t o m tu t - u iu a l  c ’xt _- o ’ u i t i o i t  c c l  t o l i n e - t o m ’ c l t t s t i t  a o o a l y s i s .  ,- \ o o ~ o ’ c , e t t m i o t _’ u n the

P,-~ ’ F C l 1 E S — I 1 I  l i br a r y  is t i v t u i ] a b l e  to GPOS’l’P amid a 1 h c ~~ s t iev~ o, ’ ap ab o l i t ’ ,  , like ’ M A I N ,

to I c e’ f u l l y  clc,ovelcot )etl timi d t e s t  c ’oI h e l m i u - c  rest i ’ t ou’ tU r i  ng t i me  o m’ig i  nal c ode .

I u t the p i’ t ’scoit c i l u o n t  a m a j o  0 ’ u h t i m igc had t o o  lie made to the code to c o o p e

\V I th it e rp,e- fl out Ii rca i’ u t t t t t  l i x  p u - o) ble n t s  . ‘l ’he-se changes  a re  comp lete amid th e -c’ —

st o -uic te o red c-ode is  shto~ it l i t  the up date to 1-i gut cc - —2 o t t  t ime po -ugrammers  manual .

‘l ’ho e GPOSTJ~ sy s t e m t’or the MA -rN p ostpu’ o to ’c’so’oc o r is  slto ’,vt i in  I” ig u i - e 4—2 a .  The

ii m i t e - i l  t e s t i u u g ’ ‘I Sl:\ ’l ’N ace-onop l i shed t lu  u - i t og t he  s tudy le ts  F t c - c t ,  vc- ry suicc essful .

T h i s  .Ii uok w i t  I he ade l e -oh Ic> t h e- bas ic  sy s t e m  af ter’  al l  opt ion s a m e ’ f u l l y  tested.
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I u tj u t  Da ta Card:  1°A !’C hIGH Io :itch gemtcu’atecl by g e - o t t -cal l u t e  o-otat ion .

1)cs - o  lot i c o n :  Gm ,,u oc- rtm t c -S a bi cubic patch for the surface cu ’e-atcd by rotati tog
- - - 

a PC l ine  abou t a general axis of rotation thi-ough gamma
dc-g o-cc-s.

l~oi t otal _aui d E~~,~i le:

1 2 3 4 5 6 7 8 9 10

pA ’fC ne o n on o , out , t-~o - t e ;  /A1 zA2 zA3 ZB 1 Z032 ZB3

PAT e -u G H 5 3 1 .5 0. -3.0 2.5 0.3 ~P1

~t’t Tun (;A M~ 1A t ; ’ , : o ~~ ;o

.0’l 

_ 

25 ]__ __ __
_ _

j
_ __ __ _

~o cI d Contents

ID The i d e n t i f i c a t i o n  number  to he given the patch genei-ated f rom
l i n e  LID , segment number  SEG.

1.11) , 51-I G The l i n e  n e m o n b er , LID , and segment  nuu ’iib er , SEG , thtat iden tifies the

PC line to be rotated. A blank SEG defaults to one.

Z A L , ZBI (‘e o o c  o’dina tu ’ s of t ’0i co points titat define the rotation to \ i  S di re- c -I  c - i  fr om
to

‘I’ID ‘f u -an s fo t -mat ion  ID , if a oi~ , that dc-f l  uies a geometric ti’ansfo u-mto tion

to be applied to the PC L i n e  be-fore u’otat ion. The line , LID , does moot
change.

( ; - \ M M A , The angle in degi-ees through which  the PC liu ’ue is rotated starting ‘t° 0
degrees fr o m  the i n i t i a l  pos i t ion  of the line. The sense of rotation is
d e t e r m i ned  by the -i gh t -ham o d  ru l e  and the directed l i n e  (vec to r )  f rom
t o o

-
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! o o L 0 0 0 (  ) t c O t ~ ( S c  rt ,i : i t A ’ i C l ! ( )  O u l l i i m c  pt it c li  (t ’s)

‘flue pt ot c’l t ç o -s) 50 -00c m ote ’oi by u m m o v i m i g  z c mt o ut l i  t o e ’  curv e along ot
base c-co i-ye ~‘ , ‘ i t h m  a ft ’,, ’ I ci r i o ’ o o t t o  t i on  of thu ouo t l i ice c u t ”, co in
the g!och o otl f o~o u o u c  o r Ito  h o c  Joc ’tul 1- r e-ic e ’ ) fm ’a m e of the l o t t ~~ o ’ ,

Fo u - u o t : i t a n d E x t t m ~ pj e:

~~~A O  e t i c o  ID,  ~~~~ ~~
- ,  ~~~~, ~~~~ ~ 

u : ’ ,~~ , - fl)2 

8 

~~~ 

io

~I\ t~
C
~

t 1o
~~~~~~,

5 6 i  J 3 f” F 11 ‘I t i O L  15

F i d el C o ) o t t C ’ i t t  0-0

I D I Patch id c -u o tifi ca ti ono nu t i ther  for  first pate-It ge-moe u-ate-ti.

B I0I D , SEC Basel ine  identification mocorube r , and segmemot number , SEG.
If tI m e SEC is n o , t  s p e ci f i e d , the enti re line BLID is used.

OUt) , SEC Ou t l i ne  cci u -ye i d e n t i f i c a t i o n  u ouimb e u - , amid segment  n u m b e r , SEC.
If the SEC is not  speci f i c-c l , the eut t i  re l ine OLH) is used.

l’t I )  T r a t o s f o r m a t i o n  ID , if any,  that  def ines  a rotat io n mat r ix  to
reor ien t  the o c u t h i m i c  cu urve  relat ive to the base curve. The
o u t l i u m e -  c u u ’vo~- is always tu-autslated to the fi rst grid point of the
baseline io ’ oIo- f oo’O o iio -nt of TJJ ) .

F H A M E  E for f i x e d  o u t l i n e  o r i en t a t ion  with respect to the Cartes 1an frame .
F for fixed ouut l iuue oricuitation with respec t t oo the local Frenet
f r ame  of the bo is e cut rye.

1D2 ,3, .. , N List  of i d e n t i f i c a t i o n  nu mbers to be given the second and subsequcuit
patches geutem-ated , if any. This sequence proceeds front the see-one!

line s ’got ieio t of OLIh )  to last arid theui repeats f rom the fi rst segment
for the ’ next segut ’oent of But ).

— - ‘ - -‘ ‘-‘ , - 0 - - ~~~ — - . .  -



_ _ _ _

BIOLIc I)A ’J ’A Di-: CK

!uc pui t l~ > ta Ct ird:  M A 1 ’O l I  Ou’thotrop i e Mat eu - ia l  l ) ef iu t i t ion

lX- sc - m i p t i e ) n :  l ) e f iu t cs  the onater ia l  p roper t ies  for a lu te -ar , t empera tu re
imid ependen t , o r t h t o t m o p ic mater ia l  f r o m  eu i g in eeu - in g  constants

F oru im a t and Ext i n~j :~~~

MI D F ’moA: I E ~~~~~~~~~ t~~ 0 1 02 .

~~

. 

9 10

MA’roR 3 1 8 2 6 T i t m t U  12

Fie ld C o n t e n t s

MID Mate u-ial id entification number

1:1~ ,\ME - 1 , P u o p e it i e s  are i n an ortho norn ta l  Ca u - tes ian fra me

=2 , Propert ies  arc in the normal ized pa rame t r i c  f r ame  of the
ele m ent. Assumes pa u -am et r ic  f r ame  is qeuasi  cy l indr i ca l
or  spehe r i cal .

pot N’rs 1 , Cons tant matex-ia l properties (N=1).
=8 , Tri l im i c a r  var iat ion of mater ial  propert ies  (N 5) .

-64 , T r i cuh ic  var ia t ion  of matcx -ia l proper t ies  (N 1).

01 ,O 2 , . . , ON M a t r i x  iden t i f i ca t ion  number for the ot-thotropic m aterial  eu og iu o eerim o g
cons tants  at the interpolation points. If POINTS is equal 64 a
siuo g le entry is used to iden t i fy  a matrix containing the 6-1 OlD’s.

IIema r-ks: 1. The engineering constants are cuotered in sequence E 11,
E 22 , E~~~, U12, u13, U 23, C 12, C 13, C23 on the M ’FFl X
matr ix  card (s).

2. The A i r  Foi-ee Design Gui d e convention for Poisson rat ios
is used i . e .  E~u vii = ~~~ U~ j .

- 4 7 -

-— _.__,._-,_ ‘~_.‘ — ,- ---- -—— — — . -—— - 
_,j_ _ 

—‘-‘—‘ — — __, ___, ‘-‘ - -- — =-‘——-‘ —--~ ———-— ‘--—‘-—- ‘— —



‘ • - -  - .—. 
~~~~~

- - -

u v I ~lc D A T \  l ) I - C K

Inp ut Data Card: M ,-\ ’i ’N No o o t lou o t t o ’  M :t lcr ittl I ° r o m l o t ’ r t i e ’ s .

lOo se riot ioo t: t)o -liiieo s thte mionlinctir be-havictr 0! t o u io:otc  u - ltd prop e rty Ito
t o ~ t i n s  c o t  st re ’ ss or s t ra im i  sta te  v t i t ’ i t t b l e ’ s .

l- , c u ’ i o o : t t  t om ic h  l- :xample - :

1 2 tO 0 -5 00 7 0) I o i

5 -55 5 \ ° t O  M i t t )  5 \ ’i’ SO t A O ’ O . ~~0 i T t - t i  I~ \ ’j O 2 - 7 1 1

5 0 2 0 5  itO t , t2 o t o ’  c c ’ ‘,,3 - M l

- M I  ‘ i t  7 0 0  i t X — M  V t  7tTt (N—\ ’ 0 V S ‘-0
,

0 t X — V S  -5 2

‘ 71 1 ~~~~ o; o - ~- , 0 0  0 0  - 7 1 0 0

I ’ io ’ I o I  Cooolents

M ID Mate ri to l id cnt it ic,- :otio uo nut -nbc r .

MPI D ident i f icat ion number of the- matrix that detines the mesh
poi nts which have the -sc- propert ies. ‘I’he ck’fault is all mesh
poit its in an element.

M AT Mom e nt ic that o l o ’ f i u t e s  the f orm o ot  of the d ata in M T R X — \ I .

~i 1, \1~E Mnemonic that etc - lines the io ’iterpolation method for ‘F , VI , \ ‘2
in that order;  C LL , LCC , etc . where  L = linca t - amid C Ceobie.

STATEI Mn c ’mon ic that iclent it ’ic’s state variable I (see remarks) .

VI Value of the variable I for which the- se data apply. A blan k
0 field requires M ’FRX—~’I data to define Vi.

TI Temperature  at which the ’-,e data ttpp ly. T1,te defaul t is all
teniperatu rc-s.

MATR X — ,\l Mtmtr ix i(lentihcation number of properties data in the-
form at defined by ~o I ,\ 1’.

M T i 1 X — V I  Matrix til e-m itt ficatioto utunther of coefficient s that defimie VI.

R e m a r k s  1. The- standard stat e - variables t in e ’ VI and \ ‘Bl for
I = l , 2 ,~ l , -I where V I  F~C 1~ V B-1 F1~~~ c~c’i~~ :1. etc .

2 . The only non-standard options are the Batclorf model
i i i t ’ o i u i t i t ’ o I  by a B a u’ic i the l et -  id en t i f i ed  by tin L.
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lu t pi mt  l) at a C t i t c i :  ‘t’ M( o \ l -  i~ i goml Ilo cly 1 o -oo ot s f o u-ntation

ik ’~- ’o i~~2 O ~. o o o O :  l)e - f iu t e’ ’o a t u - ’J u usfo x- n i a t i om t  tha t t i t O ) \ ’ *.S ob j eets ( l in es , pa tch es , vp er—
pat e co ’s I as u i  ~i o t  hoo iio _ -s .

Format and Example:

1 2 3 4 5 6 7 S 10

LU Z O S  i c c  DCILt  0 
0 

~~ ‘ - ~

‘0 - o ) V o S  I 
0 

3 . 0  0. 3.  3 - ’ . 20 ,  — i u , - 55

Ti T2 Ttt I 
__________

- I A  3 .u  0. -l~ 3 I

Field  Conten ts

ID Transformat ion ic iun t i f i c a t ion  number  ( 1 to 100) ) .

ZOl Defines an or ig in  for rotation of the obiect.

DCID Direc t ion cosim ie matr ix  ident i f ica t ion  number .  if blank or zero ,
the Euler angles ‘

~~~, e , ~~, define the ro ta t ion  ma t r ix .

‘±‘ , ~~~, Q Euler angles imi the  3, 1, 3 rotation sequence.

on, ~ - ‘ eo~ 8 ‘ m o  ,tn 0 — Mn 0 ‘00,0 - r u n S  n o n ,  ,~~. 0 ,on 8 e o n Ø

Ft = I , , o~ n o o + ’ - n e r ” o . ’ o 0  — ‘ , , , 0 ,’nO -- o 8 ’ -” 0 - ’ - ’n ° — o o n S o o , •

n o n e  n~~, 0 n o n S  ron 0 ro , 8

TI Defines a translat ion to be applied after the rotatiom o.

I~ema rks: 1. The complete transfo r ma~~on can be defined as

H ( Z  —

— — i t ) —

~~~~0~
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